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ABSTRACT 
Vehicle emissions result in the release of potentially toxic metals into the environment. In 
addition, metals non biodegradable in nature and thus roadside soil and the associated 
ecosystems can act as a long term environmental sink. The overall aim of this research was to 
investigate the effect of metals from vehicular emissions on Melbourne roadside soil and its 
potential effects on biological functioning.  
This study assessed the relationships between traffic characteristics (traffic density, road age 
and vehicular speed), roadside soil heavy metal loadings, and the bioavailability of metals 
accumulated in roadside soil using CaCl2 and Diffusive Gradients in Thin-films (DGT) 
techniques. In addition, the study assessed relationships between  metals accumulated in 
roadside soil and biological accumulation using roadside field collected grass mostly 
Stenotaphrum secundatum (buffalo grass), Triticum aestivum (wheat) grown in controlled 
conditions and Folsomia candida (springtail). Finally the effects of metals on soil microbial 
functioning were assessed using enzyme assays and polymerase chain reaction-denaturing 
gradient gel electrophoresis (PCR-DGGE). 
 Roadside soil samples were collected to reflect different road characteristics including road 
age (new =2 to 5 years old, medium =10 to 15 years old and old aged, ≥30 years old), traffic 
(low, ≤ 5000 vehicles/day), medium ≥ 5000-10,000 vehicles/day and high traffic, ≥ 15,000 
vehicles/day) and maximum vehicle speed (60, 80 and 100 km/h). Generally, elevated 
concentrations of metals were recorded in Melbourne roadside soils. Analysis of the results 
derived from road characteristics showed a possible relationship between the occurrence of 
heavy metals in roadside soil and road characteristics. Significant levels were recorded for Cd 
(0.06-0.59 mg/kg), Cr (18-29 mg/kg), Cu (4-12 mg/kg), Ni (7-20 mg/kg), Mn (92-599 
mg/kg), Pb (16 -144 mg/kg) and Zn (10.36-88.75 mg/kg) with Mn concentrations exceeding 
the Ecological Investigation Level. Significant correlations (P<0.05) were found between 
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roadside soil metal concentration and vehicular speed (r= 0.90), road age (r= 0.82) and traffic 
volume (r=0.68). Concentrations of recently introduced metals in automotive technology (e.g. 
Mn and Sb) were higher in younger roads, while the metals which have been used  for many 
years (e.g. Cd, Cu, Pb, Zn) were higher in medium and old age roads, confirming the risk of 
significant metal deposition and soil metal retention in roadside soils. Silver, Co and Sb were 
found as other emerging risks. Soil pH was reduced due to vehicular emissions in roadside 
soils over the years.  
 Assessment of the bioavailability of metals in roadside soils using CaCl2 metal extraction 
method was not found to be a representative of the available metal concentration for plant 
uptake. In contrast, estimation of the total metal concentrations in soil and soil solution (pore 
water concentrations) was found to be the best potential measure of the bioavailability of 
metals to plants. Cromium, Cu, Ni, Sb and Zn accumulated significantly in grass shoots. 
Copper and Ni in roadside soil were found to be bioavailable for plant uptake as 
demonstrated by the wheat assay experiment.  The presence of metals in old roads has the 
potential to cause stress in Triticum astivum. The Mn uptake seems to be regulated by the soil 
pH. A clear trend with age of the roads metal contamination and metal uptake by plants was 
not found in this study.  
This study also detected signs of the metal aging effect in soil. The study showed that the 
dissociation time (TC) of metal release from the solid phase to the solution phase was a good 
indicator of the soil metal aging effect. The results showed that TC was pH dependent for 
most metals (Cd, Ni and Zn). However soil pH was found to be the key parameter controlling 
aging of metals in roadside soil.   
Folsomia candida was found not to be affected by other contaminants including petrogenic 
hydrocarbon in soil. However the metals accumulated on roadside soil showed a significant 
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effect on the growth of F. candida.  The presence of metal Mn concentrations in soil was 
found not to be in toxic concentrations to F. candida survival. In contrast Cu concentrations 
were found to present at potentially toxic concentrations, as demonstrated by the correlation 
of survival % with total metal concentrations (r= -0.941, P<0.05). Additionally, it was found 
that F. candida Zn accumulation in body was suppressed by the presence of Cu (r= -919, 
P<0.05) and Ni (r= -0.962, P<0.05) in soil. Both survival and metal accumulation of F. 
candida was found to be independent of any metal aging effect in soil;  however their 
biomass was found to be affected (r= -0.896, P<0.05).  
Metals from roadside soil were accumulated in plants, Stenotaphrum secundatum, Triticum 
aestivum and Folsomia candida species. All plants and soil arthropods were able to 
accumulate of metals, with particular accumulation of Mn, Pb and Zn. This study also 
demonstrated that the presence of multiple metals in soil could potentially hinder the 
accumulation of metals by plants/organisms. Thus this research has demonstrated the 
potential of metals in roadside topsoil to be absorbed by plants and animals. These metals 
may be incorporated into the tissues of these organisms and have the potential to transfer up 
the local food chain where they may also affect ecosystem functions.  
The study provides little evidence that elevated metals, at the concentrations detected in these 
roadside soils, resulted in reduced soil enzyme activity. However soil P (basal respiration: 
phosphomonoesterase, r = -0.430, P<0.05) and N cycle (basal respiration: urease, r = -0.566, 
P<0.01) seems to be affected. The findings in this study also demonstrated the importance of 
soil physical properties such as clay, total organic carbon (TOC), pH, and cation exchange 
capacity (CEC), on soil enzymes. This study also demonstrate that the presence of heavy 
metals at the concentrations found in these Melbourne roadside soils do not greatly change 
the microbial community structure as determined by PCR-DGGE; however their growth was 
affected, as evidenced by basal respiration along theage of the roads. Further analysis of the 
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resultant DGGE gels separated bacterial profiles from the soils examined into three distinct 
clusters representing recent exposure, moderate exposure and long term exposure to metals. 
No such clusters were found for roadside soil fungi.  Roadside grown fungi were found to be 
more sensitive to soil metal concentration than soil bacteria.  
As demonstrated in this study, soil contamination by metals is a serious environmental issue 
that has been found to carry significant effects to the ecosystem and its biological 
functioning. Overall this research demonstrated the risk of metal accumulation on roadside 
soil and risk of metal retention in soil. The accumulated metals were able to uptake by plants 
and organisms causing potential effects on soil microbial functioning and metal food chain 
transfer. Considering the relationships found in this study, the present results are considered 
to be applicable to other similar urban areas. Thus consequent remediation strategies to 
reduce the emissions and dispersal of vehicular derived metals into the surrounding roadside 
environments are important.  
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1 INTRODUCTION 
1.1 Back Ground 
Today there are over 700 million vehicles on roads, and this number is expected to double 
within 30 years time (Iaych et al., 2009). Vehicle emissions (brake and tyre wear, engine oil 
and fuel exhaust) result in the release of potentially toxic metals
1
, including lead (Pb), 
antimony (Sb), cadmium (Cd), chromium Cr), copper (Cu), manganese (Mn), nickel (Ni), 
platinum (Pt), palladium (Pd), rhodium (Rh), selenium (Se) and zinc (Zn), to the surrounding 
environment (Trombulak and Frissell, 2000; Li et al.,2004). These metals depositing on soil 
are non biodegradable in nature and accumulate in soil over time (Radha et al., 1997).  
Vehicle emitted metals also have the potential to bio-accumulate in animals and plants via the 
food chain (Dan-Badj et al., 2008, Wong, Li & Thornton, 2006).  
Over the last three decades major changes in vehicle engines and fuels, such as the 
introduction of Mn in petrol as a Pb replacement, the introduction of Sb in brake pads, as a 
result of banning asbestos, and the introduction of platinum group metals (PGE), such as Pt, 
Pd and Rh in vehicular catalytic converters (VEC), are likely to have resulted in significantly 
higher emissions of Mn, Sb, Pt, Pd and Rh from vehicles. The impact that prior metal 
deposition (e.g. Pb) might still be having on roadside soil/biota has had minimal research 
focus. Recent studies have shown the relationship between the vehicle emitted metals and 
roadside metal contamination (Li et al., 2004), mostly in respect to traffic density and/or 
distance from the road edge (Turer and Maynard, 2001). In Australia to date a comprehensive 
                                                 
1
 Throughout this thesis the term ‘metal’ is used to include metals such as Zn (zinc), Cu (copper), Mn 
(manganese), Cr (chromium), Ni (nickel), Hg (mercury), platinum group elements [ (PGE) such as Pt 
(platinum), Pd (palladium) and Rh (rhodium)] and Pb (lead)], as well as metalloids [such as As (arsenic), Cr 
(chromium), Cd (cadmium) and Sb (antimony). 
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study has not yet been undertaken in relation to vehicle emissions and roadside soil 
contamination. In addition, worldwide most of the impacts of the newly added heavy metals 
(such as Sb, Mn, Pd, Pt, Rb) are not yet fully documented, both with respect to the metal 
loading, and in relation to roadside biological functioning. Further, there has been no 
investigation that has explored the effects of roadside ecosystems and the associated 
functioning of ecosystem processes. To fill these research gaps in roadside soil studies this 
research proposed to investigate the “effects of vehicular emissions (metals) on Melbourne 
roadside soil and their potential effects on biological functioning”. 
1.2 Research Aim, Objectives and Rsercah questions 
1.2.1 Aim 
The aim of this research was to investigate the effect of vehicular emissions (heavy metals) 
on Melbourne roadside soil and its potential impacts on biological functioning. 
1.2.2 Objectives 
There are 3 main objectives in this study: 
1. To quantify the effects of road characteristics on vehicle emission related metals in 
roadside soil in Melbourne, Australia.  
2. To determine the relationship between metals in roadside soil and biological responses.  
3. To assess roadside soil biological responses to metals from vehicles at the molecular level  
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1.2.3 Research questions 
Research question 1 
What are the effects of road characteristics (road age, speed and traffic volume) in Melbourne 
on roadside soil metal accumulation and bioavailability as a result of vehicular emissions?  
Research question 2 
Is there a relationship between road characteristics, roadside soil metal concentrations and 
biological responses?  
Research question 3 
Are the soil biodiversity responses reflected at the microbial community level? If so, does it 
show a correlation with metal contamination?  
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2 LITERATURE REVIEW 
2.1 Introduction  
Vehicular emissions include gases (e.g. CO, CO2, NOx, SO2), hydrocarbons [e.g. polycyclic 
aromatic hydrocarbon (PAHs), total petroleum hydrocarbon(TPH)] and metals, that are 
produced from fossil fuel combustion, wear and tear of vehicular parts, and the use of motor 
oils (Flueckiger et al., 1984; Yassoglou et al., 1987; Wong et al., 2006). These emissions end 
up in the air, water and soil (Adriano, 2001; Garcia and Millán, 1998). In particular, water 
and soil act as sinks for metal contaminants from vehicle emissions (Harrison et al., 1981; 
Sternbeck et al., 2002; Wong et al., 2006; Yassoglou et al., 1987). 
The emissions of metals from vehicles are of particular concern in highly populated urban 
areas due to the high concentrations of metals being emitted from vehicles (Radha et al., 
1997).  The metals depositing on roadside soil cannot be degraded and are thus retained in the 
soil (Radha et al., 1997). However, these metals have the potential to move into the food 
chain and bioaccumulate in plant and animal tissues (Dan-Badjo et al., 2008). A number of 
studies have indicated the potential harmful impacts of metals to road side biota (Iqbal and 
Rikihisa, 1994; Khan and Frankland, 1983; Muskett and Jones, 1980; Nakayama et al., 2011; 
Ndiokwere, 1984; Turer and Maynard, 2003). 
This review will outline the importance of roadside metal pollution in soil from vehicle 
emissions and the growing body of evidence that this type of pollution has an effect on 
roadside biota. 
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2.2 Common sources of vehicular emissions  
Motor vehicles are responsible for the release of a range of contaminants into the 
environment. Vehicular exhaust contains a wide range of metals. Some of these metals are 
directly deposited on the exhaust pipe, while the remainder are released into the surroundings 
(Winther, 2012) . Fuels, engine oils, tyre wear, brake wear, vehicular exhaust catalysts (VEC) 
and road abrasion all release metals to the environment (Table 2.1, Figure 2.1).  
Table 2.1 Vehicle emission sources and associated metal contamination 
Source 
Metal 
Ag As Cd Co Cr Cu Mn Mo Ni Pb Pd Pt Rh Sb Se Ti Zn 
Break wear                                   
Tyre wear                                   
Engine oil                                   
Road abrasions                                   
VEC                                   
Fuel                                   
VEC = Vehicular Exhaust Catalyst Sources;  (Araratyan and Zakharyan, 1988; Davis et al., 2001; Folkeson, 2005; Garcia-Miragaya et al., 
1981; Gjessing et al., 1984; Li et al., 2001; Lindgren, 1996; Luhana et al., 2004; von Uexküll et al., 2005; Winther and Slento, 2010)  
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Figure 2.1 Vehicle emissions and associated metal contamination pathways  
 
2.2.1 Fuel 
Petrol and diesel fuel contains many different metals, including As, Cd, Cr, Cu, Mn Ni, Pb, 
Se and Zn (Table 3.1). Previously, Pb was added to petrol around the world (Li et al., 2001) 
in the form of tetraethyl lead [TEL-(CH3CH2)4Pb]. The use of TEL was popular from the 
1920’s as it was inexpensive and had effective anti-knocking properties (Lytle et al., 1995). 
The lead additive has been reported to have been used in high concentrations (exceeding 0.8 
g/l) in countries like Australia, Brazil, Greece, USA and Indonesia (Lovei, 1998). Over time, 
the combustion of leaded gasoline released large quantities of lead into the environment 
(Boutron et al., 1995). The use of lead has been phased out in countries including Australia 
(2002), Japan (1986), USA (1996) and South Africa (2006) (Harper et al., 1998; Lovei, 1998; 
Newell and Rogers, 2003; NICNAS, 2003).  Today, instead of the addition of Pb/TEL, an 
organic manganese compound called methylcyclopentadienyl manganese tricarbonyl 
/(CH3C5H4)Mn(CO)3 or MMT is often added to petrol (Lytle et al., 1995; Zayed et al., 1999). 
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Even though MMT has now replaced TEL, the concentration of Pb in urban roadside soil is 
still elevated, due to the historic use of Pb in petrol (Zayed et al., 1999).    
2.2.2 Engine oil 
Engine oil is used for a variety of purposes, including as a lubricant to protect against engine 
wear, to reduce friction, to protect from corrosion, and as a coolant. Some individuals also 
add additives to engine oil to provide additional engine protection (Van Donkelaar, 1990). 
The most common sources of metals released from vehicle engines are Ag (trace element in 
engine oil), Cd (engine alloys, trace from fuel), Cr (rings, trace element), Cu (bronze parts, 
Cu brushings, bearings, engine oil additive), Mn (trace element, additive), Mo (anti-wear 
additive, coatings on new rings, washes), Ni (trace element in steel), Pb (bearings), Ti (trace 
element) and Zn (anti-wear additive) (Winther, 2012).  For example, new motor oil contains 
approximately 1,500 mg/kg of Zn and 0.087 mg/kg of Cd (Vazquez-Duhalt, 1989). 
2.2.3 Brake wear 
Brake wear emissions result from the wear of brake lining materials and the brake disc/drum 
in vehicles. The brake linings have five main components i.e. fibers, abrasives, lubricants, 
fillers and binders (Chan and Stachowiak, 2004).  There are a variety of metals  present in 
brake linings, including Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Sr and Zn (Thorpe and 
Harrison, 2008), with  the most abundant being Sb and Zn (Gietl et al., 2010). In the 1980’s, 
Sb2S3 was introduced into the brake wear linings (Holinski et al., 2005).  As a result, in recent 
years, brake wear emissions have been recognized as an important source of Sb into the 
environment (Jang and Kim, 2000; Thorpe and Harrison, 2008; von Uexküll et al., 2005). 
The ratio of Cu:Sb in brake linings is approximately 5:1.  Finding a similar Cu:Sb ratio in 
environmental matrices is considered indicative of the presence of brake related particles in 
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comparison to the crustal ratio for Cu:Sb of approximately  125:1 (Arditsoglou and Samara, 
2005; Thorpe and Harrison, 2008). 
2.2.4 Vehicular exhaust catalysts (VEC) 
Catalytic converters, using a VEC, were introduced in many countries (e.g. USA in 1975, UK 
in 1993, Germany in 1984, European Union in 1993) to reduce the emissions of carbon 
monoxide (CO), nitrogen oxides (NOx), and unburned hydrocarbons from vehicle exhaust  
(Zayed et al., 1999). Vehicular exhaust catalysts are composed of a surface coat of Pt, Pd and 
Rh (Ravindra et al., 2004). Vehicular exhaust catalysts convert more than 90% of the main 
vehicular pollutants (CO, NOx, hydrocarbons) into relatively benign substances with minimal 
climate change impact (Alt et al., 1997). Catalytic converters can emit platinum group 
elements (Pt, Pd and Rh) to the environment as a result of deterioration or the presence of 
surface abrasions in the catalytic converter (Zereini and Alt, 2006). Measurements of the 
levels of PGE emitted from catalytic converters have shown a relationship between vehicle 
velocity and driving conditions with emission concentrations. In particular, rapid acceleration 
causes stress to the catalyst resulting in increased PGE emission (Zereini and Alt, 2006). 
2.2.5 Tyre wear emissions 
Tyre wear is an important source of metals into roadside soils. The annual losses of rubber 
from tyres in the UK alone has been estimated to be 53 x 10
6
 kg (EA, 1998). The materials 
released from tyre wear include both organic and inorganic compounds (Thorpe and 
Harrison, 2008). Several metals are utilized in the tyre manufacturing process including Cd, 
Cu, Ni, Pb and Zn (Table 2.1) (Thorpe and Harrison, 2008). For example, Zn is added as ZnO 
during the vulcanization process (Kennedy and Gadd, 2003) and accounts for 1% by weight 
of tyre material (Smolders and Degryse, 2002).  Tyre wear is therefore recognized as an 
important potential source of Zn emissions to the environment (Thorpe and Harrison, 2008) 
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2.2.6 Road wear 
It is difficult to differentiate between the re-entrainment of metals emitted from vehicles and 
metals directly released from the road surface. However, it is clear that bitumen and  mineral 
filter materials (usually granite or quartz), commonly used as road surface materials, are 
released into the environment as a result of road abrasion (Hansen et al., 2004). According to 
Winther (2012) the amount of Zn in bitumen varies from 309 to 948 mg/kg. The composition 
of the emitted particle depends on many factors, including tyre characteristics, road surface 
construction material, and vehicular characteristics such as operational conditions etc. 
(Winther, 2012). 
2.3 Roadside soil 
Soil is composed of minerals, organic matter, living organisms, water and air. Soil acts as a 
sink  for vehicle-emitted metals (Uwah and John, 2014). The accumulation of metals in 
roadside topsoil mainly occurs as a result of atmospheric deposition (Li et al., 2001) . Metals 
have been referred to as chemical time bombs due to their non-biodegradability and long 
residence time in soils (Stigliani et al., 1991).  
Metal depositions on the surface of soil can be dispersed further by rain/surface runoff, wind 
(Birch and Scollen, 2003; Callender and Rice, 2000; Wong et al., 2006), and gravity 
(Trombulak and Frissell, 2000). Re-entrainment of vehicle-emitted metals also depends on 
the surrounding topography (Wong et al., 2006), soil properties (Yassoglou et al., 1987), 
metal solubility, (Hernandez et al., 2003), daily traffic (Fakayode and Olu-Owolabi, 2003; 
Leharne et al., 1992; Smith, 1976), horizontal and ventral distance from the road (Dan-Badjo 
et al., 2008; Trombulak and Frissell, 2000), and  wind direction (Lin et al., 2008). Wind is an 
important factor in metal entrainment, as soil seems to be the main final reservoir for dust 
(Chen et al., 2010). Vehicle-derived metals are mainly found in the soil surface layer (0- 5 
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cm), but they can also leach deeper into the soil profile (Lytle et al., 1995; Wong et al., 2006). 
More mobile metals like Cd and Zn could be further leached into the deeper soil horizons 
over time (Legret and Pagotto, 2006; Werkenthin et al., 2014). Heavy metals from vehicle 
exhausts have been demonstrated to accumulate in roadside soil, with metal depositions 
observed up to 100 m away from roads (Dan-Badjo et al., 2008; Forman, 2004; Hamurcu et 
al., 2010; Post and Beeby, 1993; Trombulak and Frissell, 2000).The metal concentrations in 
soil adjacent to roads decreases with increasing distance and depth (Garcia and Millán, 1998; 
Hjortenkrans et al., 2008).  
Roadside metal deposition studies across the world have demonstrated that significant 
quantities of metals are deposited from vehicle emissions: in Turkey-Istanbul (Sezgin et al., 
2003), Germany  (Zereini et al., 2005), UK (Charlesworth et al., 2003), China (Chen et al., 
2010; Li et al., 2001; Lu and Bai, 2010) and Korea (Duong and Lee, 2011a) (See Appendix, 
Table 9.1)  
2.3.1 Manganese and Pb in roadside soil 
Lead and Mn emitted from vehicle exhausts are incorporated in roadside topsoil. Once 
deposited in soil, Pb tends to be associated with organic, inorganic and residual fractions of 
the soil such as sulphates, carbonates and oxides (Garcia-Miragaya et al., 1981; Mbakwa, 
2015). Manganese deposited in soil tends to be bound to oxides, carbonates and silicates 
(Mbakwa, 2015). Manganese emitted from vehicular emissions can be deposited on surface 
soil as dry (gravitational settling) or wet depositions (Baird and Cann, 2005). 
Over recent decades extensive studies have occurred concerning Pb in petrol, the associated 
roadside soil pollution, and the resulting ecological and human impacts (Garcia-Miragaya et 
al., 1981; Li et al., 2001). Over 95% of t roadside soil metal-related studies have investigated 
Pb (Figure 2.2, Appendix Table 9.1).The average Pb concentration in roadside soil across all 
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studies was calculated to be 143 ± 53 mg/kg (mean ± standard error) although the Pb 
abundance of Pb in the earth’s crust is 17 mg/kg (Rudnick, 2010). A wide variation in soil Pb 
concentrations have been reported, ranging from 35 mg/kg to over 6000 mg/kg (Figure 2.2). 
For example, highly elevated Pb concentrations were recorded from Venezuela 6292 mg/kg 
(Garcia-Miragaya et al., 1981), Athens 3250 mg/kg (Yassoglou et al., 1987) and Hong Kong 
2215 mg/kg (Ho and Tai, 1988). There is broad agreement in the research literature that Pb 
concentrations in the soil started to decline once the use of Pb in petrol was stopped (Byrd et 
al., 1983; Tong, 1990).  
 
 
Figure 2.2 Roadside soil Mn and Pb concetrations retrieved from the raw data reported in 
peer-reviewed literature around the world. Search engines used were Scopus, SpringerLink, 
Web of Science and Google Scholar. 
 
A study in the USA demonstrated a decline of 40 % in the soil Pb concentration between 
1975 to 1985, a trend consistent with the removal of Pb from US petrol (Trefry et al., 1985).  
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However, a lichen study in Pretoria, South Africa, found high concentrations of Pb in lichens, 
indicating the presence of historical Pb pollution was persisting in the environment (Forbes et 
al., 2009).  
Until recently, Mn has received little attention in roadside soil studies. The mean Mn 
calculated in roadside soil was 312 ± 96 mg/kg (mean ± standard error) (Figure 2.2). A wide 
range of Mn concentrations were recorded in roadside soils throughout the world (Figure 
2.2). The highest Mn concentration in roadside soil recorded in the literature was 625mg/kg 
from Spain, Gipuzkoa (Garcia and Millán, 1998), and the lowest was 0.47 mg/kg  from 
Maiduguri, Nigeria (Uwah and John, 2014). In comparison, more moderate concentrations of 
Mn were recorded in roadside soils in Ota metropolis, Nigeria (21.17- 95.48 mg/kg) 
(Olukanni and Adebiyi, 2012), Hongkong, China  (408-428 mg/kg) (Ho and Tai, 1988), and 
Dubai UAE (57.95–166.43 mg/kg) (Aslam et al., 2013). However Mn is a highly abundant 
metal (950 mg/kg) in the Earth’s crust (Nature's Building Blocks, 2001)There is evidence for 
Mn accumulation in roadside soils in a number of authors; however they have failed to derive 
clear relationships between road and vehicle characteristics and Mn concentrations in 
roadside soil. 
2.3.2 Cadmium, Cr, Cu, Ni and Zn in roadside soil 
A number of studies have focused on the metal accumulation of Cd, Cu, Cr, Zn and Ni in 
roadside soil. The mean concentrations for these metals in roadside soils globally have been 
estimated at: Cd (0.93 ± 0.2 mg/kg); Cr (65 ± 10 mg/kg); Cu (5 ± 6 mg/kg); Ni (34 ± 5 
mg/kg) and Zn (118 ± 16 mg/kg) (mean ± standard error) (Table 2.2, Figure 2.3) with a wide 
range of metal concentrations of Cd, Cr, Cu, Ni and Zn recorded from across the world. The 
highest concentration for Cd were recorded in the  New York, USA (8.0 mg/kg) (Fergusson 
and Ryan, 1984), Cr from Honolulu, USA (273 mg/kg) (Sutherland and Tolosa, 2000), Cu 
from Hamburg, Germany 147 mg/kg (Lux, 1993), Ni  from Torino, Italy (209 mg/kg) 
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(Biasioli et al., 2006), and Zn from Hongkong (1450 mg/kg) (Li et al., 2001). For 
comparison, the crustal abundance for each metal is Cr 92 mg/kg and the lowest was Cd 0.09 
mg/kg, Cu Ni and Zn was 28 mg/kg, 47 mg/kg and 67 mg/kg respectively (Rudnick, 2010). 
Thus, it can be seen that the Zn concentrations, in roadside soils in particular were highly 
altered compared to crustal abundances.  
 
Figure 2.3 Roadside soils Cd, Cr, Cu, Ni and Zn concetrations retrieved from the raw data 
reported in peer-reviewed literature around the world. Search engines used were Scopus, 
SpringerLink, Web of Science and Google Scholar. 
 
There are many countries that have recorded elevated Zn concentrations in roadside soils. 
These roadside soils with elevated Zn were found in Shanghai, China, 733 mg/kg (Shi et al., 
2008), Hamilton, Canada,  645 mg/kg (Droppo et al., 1998), Christchurch, New Zealand, 548 
mg/kg (Fergusson and Ryan, 1984), Gipuzkoa, Spain, 503 mg/kg (Garcia and Millán, 1998) 
and Hamburg, Germany, 516 mg/kg (Lux, 1993).  
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2.3.3 Platinum group element (PGE) metals in roadside soil 
Very few studies have focused on roadside soil PGE (Pt, Pd and Rh) accumulation. The 
vehicular emissions  of PGE are lower than a number of other elements, but when emissions 
from over 700 million vehicles globally are accounted for, there is considerable potential for 
urban PGE pollution from vehicle emissions (Rauch et al., 2005).  Studies that have been 
completed for PGE have been conducted in Germany, Mexico, Australia and England. The 
contamination of Pt on roadside soil in Germany is reported to be around 7 times higher than 
background levels (Barefoot, 1999). This is likely to be a result of the increased use of Pt in 
vehicles since 1987, following the introduction of automobile catalytic converters to 
Germany (Alt et al., 1997).  
Mean values of 120 (± 67) µg/kg Pd, 8 (± 60) µg/kg Pt and 22 (± 13) µg/kg Rh (mean ± 
standard error) were recorded in roadside soils around the world (Fig. 2.4). A study by 
Morcelli et al. (2005) in Sao Paulo, Brazil reported Pt concentrations ranging from 1.1-58 
µg/kg, Pd 0.13-7.2 µg/kg and Rh 0.61-13.0 µg/kg. These concentrations of Pd, Pt and Rh 
were in higher than their geogenic background concentrations: Pt (0.4µg/kg), Pd (0.4 µg/kg) 
and Rh (0.06 µg/kg)  (Morcelli et al., 2005) though the  occurrence of PGE in the earth’s 
crust is rarer (Pt 1.0 µg/kg, Pd 6X10
-1 
µg/kg and Rh 2.0X10
-1
 µg/kg) (Nature's Building 
Blocks, 2001). 
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Figure 2.4 Roadside soil Pt, Pd and Rh concentrations retrieved from the raw data reported in 
peer-reviewed literature around the world. Search engines used were Scopus, SpringerLink, 
Web of Science and Google Scholar. 
 
Whiteley and Murray (2003) studied roadside dust from Western Australia and recorded high 
PGE concentrations ranging from 30.96-419.41 µg/kg of Pt, 58.15-440.46  µg/kg of Pd and 
3.47-91.40 µg/kg of Rh. The PGE concentrations in road dust of the city of Braunscheweig, 
Germany in 1999 to 2005 showed a rapid increase in concentration, especially for Pt as it 
increased from 67 µg/kg to 1,730 µg/kg (Wichmann et al., 2007). These studies concluded 
that the use of VEC’s is likely to result in the release of airborne particles containing metals.  
2.3.4 Arsenic and Sb - metalloids in roadside soil 
Few studies have reported concentrations of Sb and As in roadside soils (Appendix, Table 
9.1), despite the presence of As in brake wear and fuel and of Sb in brake linings. Thus, an   
individual car that may emit small amounts of As and Sb in the short term, but it would 
account for greater amounts in the long term and for all vehicles combined (Ozaki et al., 
2004). 
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Arsenic is considered as a hyper-toxic element and emitted during the use of fossil fuels and 
by brake wear in motor vehicles. Petrol has been reported to contain 0.03–0.12 mg/kg of As  
(Nakamoto, 2000).  Some values reported for As from roadside soil are, 14.7 mg/kg from 
Jeddah City, Saudi Arabia, (Kadi, 2009), 7.33 mg/kg from Xuzhou, China (Ozaki et al., 
2004) and 6 mg/kg in Dubai, UAE (Aslam et al., 2013). In comparison, As abundance in the 
earth’s crust is 4.8 mg/kg (Rudnick, 2010). 
Studies investigating Sb accumulation in roadside soils have reported that soil humic acids 
act as a reservoir for Sb (Steely et al., 2007) and are vital for the mobilization of Sb (Ozaki et 
al., 2004).  Antimony also has the ability to bind with trace elements due to the presence of 
numerous ligands in soil (Stevenson, 1994). A study of the distribution of Sb and its organic 
species in soil from Austria confirmed vehicular emissions as an important source of Sb 
accumulation in roadside soil (Amereih et al., 2005). Amereih et al (2005) reported Sb (V) as 
the predominant form of Sb species occurring in roadside soil. However some other studies 
have failed to confirm Sb accumulation in roadside soil from vehicular emissions related 
sources (Kadi, 2009). A study from Xuzhou, China, reported that median of Sb 
concentrations of 0.96 mg/kg was recorded from the roadside top soil (Wang, 2009). This is 
higher than the earth’s crust abundance recorded for Sb which is 0.4 mg/kg (Rudnick, 2010). 
Due to the lack of data in the literature, As and Sb were not presented as a statistical 
summary or graphically, as for other metals in this review. 
2.3.5 Other metals in roadside soil 
Metals such as Co, Mo, Se, Sn, Sr and Ti are considered as metal in vehicular emissions 
(Table 2.1) however these metals have received minimal attention in roadside soil studies 
(see Appendix Table 9.1). Although these metals are low in emissions, they are important to 
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incorporate into roadside soil studies because novel techniques in motor vehicle technology 
may result in increased emissions of these elements in future vehicular emissions.  
An example of a novel technology is the study of perovskite, fortified with metals for use in 
diesel vehicles as a replacement for VEC’s (Brodrick et al., 2001). Perovskite oxides have 
been studied for their ability for use as catalysts for decades. It has been suggested that by 
substituting some of the atoms in lanthanum-cobalt or lanthanum-manganese in perovskites 
with strontium atoms, the efficiency of oxidising NO in vehicular emissions can be improved. 
If this takes place in future there will be a possible addition of Sr rather than Pt to the 
environment.  
2.4 Metal Bioavailability 
There are many definitions in the literature for bioavailability of metals in soil with 
agreement yet to be reached on a precise definition (Harmsen, 2007; Lanno et al., 2004; 
McLaughlin et al., 2000; Kim et al., 2015; Warrington and Skogley, 1997). It is not within 
the scope of this review to evaluate different definitions of bioavailability in detail; reference 
may be made to an extensive assessment of bioavailability of metals in soils which has been 
undertaken by Kim et al. (2015). A simple definition for bioavailability is the “availability of 
a chemical/metal to an animal, plant or microorganism, which may be assayed by 
measurement of uptake, toxicity or biodegradability (Linz and Nakles, 1997)”. 
It is widely accepted that the total metal concentration in soil is not a good predictor of 
bioavailability (Förstner, 1993; Pagnanelli et al., 2004).  Only a small fraction of the metals 
in a soil are known to be bioavailable (Figure 2.5). A large fraction of the total metals are 
associated with minerals. This portion of the metal is bound so firmly that it is effectively 
non-bioavailable. In roadside soil, the bioavailability of some metals has received a large 
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amount of attention while other metals have received less attention. During the 1970 and 
1980’s almost all studies were focussed on Pb. Recently introduced metals in vehicle 
emissions such as Sb, Mn and PGE (Pt, Pd and Rh) have received less attention in 
bioavailability studies (Table 2.2).  
 
Figure 2.5 Three step concept of bioavailability in soil for plants. Source (Kim et al., 2015) 
 
2.4.1  Soil properties affecting metal bioavailability 
Soil bioavailability is controlled by the desorption/adsorption properties of soil, which are 
influenced by soil physiochemical properties such as soil total metal concentrations, pH, 
texture, clay content, redox potential, organic matter content, iron and manganese oxides, 
cation and anions in the solution, and by other miscellaneous factors such as temperature, 
particle size, solubility, CaCO3 content, presence of earthworms, microbial activity and 
rhizosphere activity (Hund-Rinke and Kördel, 2003; Reichman, 2002; Rieuwerts et al., 1998). 
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Metals are strongly or weakly bounded to the soil and may be present in different forms, for 
example: metals which are held on cation exchange sites would be more bioavailable than the 
precipitates of oxides of iron and manganese or those bound with insoluble organic species 
(Rieuwerts et al., 1998; Thornton, 1991). 
For most metals, the soil pH is recognised as the principal factor governing solubility and 
bioavailability in soil (McBride, 1994; Turner and Ross, 1994).  At low pH, metals are non-
specifically adsorbed to the binding sites of cation exchange sites on clay minerals and this 
pool of metals is considered readily bioavailable (Brümmer et al., 1983). For this reason 
metals are more bioavailable in acidic pH compared to alkaline pH, so metal solubility tends 
to increase at lower pH and decrease at higher pH values (Garcia-Miragaya, 1984; Thornton, 
1991). 
In soils, metals associated with organic matter and iron and manganese oxide coatings have 
reduced bioavailability. The stability of soil organic complexes may vary with the type of the 
metal, pH and type of organic matter (Zhou and Wong, 2003). Inorganic and organic anions 
are also able to form complexes with metal ions, and these reactions potentially influence the 
solubility of metals in soils (Violante et al., 2010). The presence of organic matter indicates 
strong capacity to bind metals, while high CEC represent higher adsorption capacity in soil 
(White, 2013). At a given soil pH, Cd and Zn exhibit a lower stability of their metal-organic 
complexes than that of Pb, Cu and Cr complexes (Brümmer, 1986). A mechanism for 
increased bioavailability  under reducing conditions is the dissolution of Fe–Mn  hydroxides, 
resulting in the release of adsorbed metals (Rieuwerts et al., 1998).  
Soil dwelling organisms are an essential part of the healthy functioning of soil. They 
represent a significant proportion of the soil biomass and are considered as an useful indicator 
of soil health and quality (Edwards, 2004). Soil organisms such as earthworms and micro-
organisms are known to affect metal solubility in soil (Lodenius and Autio, 1989). The 
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importance of root activity to the bioavailability of metals has also been previously reported 
(Kabata-Pendias, 2004, Kabata-Pendias, 2010; Xian and Shokohifard, 1989). Plant roots 
exude acid materials like H2CO3 which lowers the rhizosphere pH, increasing the absorption 
of metals by plants. Soil temperature has been found to be positively correlated with plant 
uptake of Pb and Cd (Hooda and Alloway, 1993) .  
There are also suggestions that metals are proportionately more bioavailable in contaminated 
soils than when they occur naturally in soil. This is supported by Banin et al. (1987) who 
suggested that with increasing total soil metal concentration, the metal fixation capacity of 
the soil becomes saturated due to cation competition for adsorption sites and therefore these 
excess metals have the ability to enter the soil solution. Metals also show increasing 
bioavailability with decreasing particle size, thus in roadside soil studies the bioavailability of 
metals in soil was lower compared to atmospheric suspended particulates and runoff 
(Preciado and Li, 2006). 
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2.4.2 Methods to measure bioavailability  
While bioavailability is generally considered  the most important metal fraction to measure in 
soil, there is no general agreement on how best to measure it (Hooda et al., 2007). The 
estimation of bioavailability in soil is an important aspect in risk assessment studies (Kabata-
Pendias, 2004). There are several general methods that aim to measure the soil bioavailable 
metal pool: 
1. Total or pseudo-total metals measured in strong acid extractions (e.g. HF, HNO3, 
aqua regia (HNO3/HCl)) 
2. Chelating techniques [e.g. diethylene-triamine-penta-acetic acid (DTPA), ethylene-
diamine-tetra-acetic acid (EDTA)] 
3.  Weak and neutral salt extractions (e.g. CaCl2, Ca(NO3)2, NaNO3)  
4. Metals in the soil solution (water extractable) 
5. Ion exchange resins (e.g. DGT) 
6. Speciation modelling 
A selection of roadside soil studies that used the above listed bioavailability-estimation 
techniques are summarised in Table 2.4.  The estimation of bioavailability in soil is an 
important aspect in risk assessment studies (Kabata-Pendias, 2004). Techniques that have 
been used in roadside soil bioavailable studies include acetic acid (Garcia-Miragaya et al., 
1981), EDTA extraction (Garcia-Miragaya et al., 1981; Grigalavičienė et al., 2005), DTPA 
extraction (Garcia and Millán, 1998) and DGT (Zhang et al., 2004) techniques.  
In general, the most widely used method for measuring metals in roadside soil studies is the 
total metal concentration, extracted using strong acids (Table 2.3). While the use of total 
metal concentrations is considered a poor predictor of bioavailability (Menzies et al., 2007), 
some roadside soil studies have documented good relationships between total metal 
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concentrations in soil and biotic uptake in roadside soil studies. Thus, although total metal 
concentrations may generally not be considered as a good measure of bioavailability there are 
some situations in which total metal concentrations are appropriate to use.  
Chelation techniques are also widely used approaches in soil metal bioavailability studies. 
Most frequently used chelates are EDTA and DTPA. Chelate-based techniques were 
originally developed to measure metals at deficiency concentrations in agriculture, and the 
chelates have been shown to saturate at elevated metal concentrations (Reichman, 2002).  As 
such, these approaches are not appropriate to use as measures to estimate bioavailability in 
soil.  
Neutral salt extractions are also popular in soil studies. Calcium chloride extraction, in 
particular, is believed to provide a good measure of metal concentrations in soil solution and 
of readily bioavailable metals in soil without interfering with the pH of the soil (Reichman, 
2002). In addition it has been suggested that sufficiently high ionic strength CaCl2, e.g. 0.1 M 
could be used to estimate the exchangeable pool of metals in a particular soil sample, while 
weaker ionic strengths like 0.01M would allow a qualitative assessment of the soluble metals 
(Andrews et al., 1996; Meers et al., 2009). Soil solution represents the aqueous liquid phase  
in soil and the concentration of metals in this fraction (Wolt, 1994). This is similar to the soil 
pore water metal concentration in soil. Soil pore water is considered as a measure of the 
immediate bioavailability of metals in soil. However the pore water (aqueous medium) 
contains both labile and colloidal metals in solution with not all the colloidal metals being 
readily bioavailable (Degryse et al., 2009).   
Many of the methods used in bioavailability studies only measure bioavailablity at a single 
moment in time and do not represent the depletion caused by plant uptake and consequent 
resupply. The DGT techniques address this issue and also incorporate other important factors 
affecting bioavailability, such as soil kinetics and temperature (Zhang et al., 2004). The DGT 
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technique mimics the root system and is also now introduced as a robust method of 
bioavailability in soil assessment studies. Techniques that assess the depletion of metal due to 
plant uptake in the soil solution, such as DGT, are advantageous for providing a fuller 
measure of bioavailability. However these methods are yet to be validated in non-spiked soil 
where metals have aged in the field, including roadside soil studies.  
2.5 Biotic metal absorption 
Exposure to metals in elevated concentrations has the potential to cause adverse effects to 
organisms (Wong et al., 2006). Plant uptake of metals from soil is a major pathway of metal 
bioaccumulation in living organisms and of transfers into the food chain  (Grigalavičienė et 
al., 2005). The exact relationship of metal uptake depends on the plant/animal species, soil 
composition and bioavailability of the metal in soil. Studies have found correlations between 
roadside deposition of metals and the presence of metals in roadside microbes, plants and 
animals (Table 2.2, 2.3, 2.4 and 2.5) (Flanagan et al., 1980; Lagerwerff and Specht, 1970; 
Sharma et al., 2008). However, the combined effects of several metals in soil on soil biota 
remain largely unknown. Information on this aspect of metal toxicity is vital since no single 
metal dominates an ecosystem in roadside systems. 
2.5.1 Microbes (fungi and bacteria) 
The accumulation of metals in roadside soil has the potential to affect the diversity and 
activity of the microbial community, impacting respiration, (Brookes, 1995; Gülser and 
Erdoğan, 2008), soil nutrient cycling, and bacterial and fungal metabolic activity (Table 3.2).  
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Table 2.2 Register of roadside soil microbial studies retrieved from peer-reviewed literature 
reported worldwide. Search engines used were Scopus, SpringerLink, Web of Science and 
Google Scholar. 
Country  Study type Metal Reference 
   
  
China Microbial biomass carbon, urease, and Cd,  Pb, Zn (Wang et al., 2011) 
 
invertase  
  
    
Egypt Bacteria, fungi Cd, Zn Pb (Mohamed and Abo‐Amer, 2012) 
    
Turkey Basal soil respiration (BSR) Cd, Cr, Ni, Pb  (Gülser and Erdoğan, 2008) 
 
 Arylsulphatase, phosphatase Cu, Mn, Zn 
 
 
and urease  
 
   
UK Microbial respiration Cd, Cu, Ni,  Pb, Zn, (Post and Beeby, 1996) 
        
 
Hao et al. (2009) and Lorenz and Kandeler (2005) reported lower microbial biomass content 
(MBC) of soils in areas of heavy vehicular traffic.  Lorenz and Kandeler (2005) suggested the 
frequent removal of plant litter due to road cleaning and the shortage of water supply as 
reasons for such effects along heavy traffic roads. Further, metals accumulated in soil could 
cause the microbial biomass carbon (MBC) to decrease in affected soils (Bastias et al., 2007; 
Bhattacharyya and Gupta, 2008). However, Post and Beeby (1996) reported an opposite 
finding from roadside soil MBC. They found that soils close to the roads contained a higher 
MBC, (951 µg biomass-C g
-1
 soils) compared with soils 50m from roads (740 µg biomass-C 
g
-1
 soil). 
Toxic effects of metals on micro-organisms could result in a variety of effects on soil 
functioning such as decreases in litter decomposition rate, nitrogen fixation, nutrient cycling 
and enzyme synthesis. Microbial populations have also been shown to be  affected adversely 
by the presence of metals in soil, as indicated by the lower microbial population recorded 
from some studies where higher metal concentrations occurred (Adelasoye and Ojo, 2014). 
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Roadside soil enzyme studies have reported contrasting results, with some studies showing an 
increase in metal accumulation with a decrease in enzyme activity (Gülser and Erdoğan, 
2008; Lorenz and Kandeler, 2005), while other authors report the opposite effects (Post and 
Beeby, 1996; Wang et al., 2007). Gülser and Erdoğan (2008) reported an increase in the 
activity of enzymes with a decrease in metal concentration in roadside soil for Cd, Cr, Cu, 
Mn, Ni, Pb, Cu, Zn, and also with increasing distance to the road edge. The authors also 
demonstrated a negative correlation (P<0.05) between Cr, Mn and Pb concentrations in 
roadside soil and enzyme activities for arylsulfatase, aryl phosphates and urease. 
Bacterial counts increased as the distance (>10m) from the roadside increased (Atuanya and 
Oseghe, 2006). In comparison, a decrease in fungal count was observed as distance from the 
road increased (Atuanya and Oseghe, 2006). Wang et al. (2007) reported that in established 
older suburbs soils showed an increased microbial activity compared with more recently 
developed suburbs. This may be an indication of the development of metal tolerance by 
microbes in roadside soil. In support of this hypothesis, Mohamed and Abo‐Amer (2012) 
were able to isolate heavy metal resistant bacteria from roadside soil.   
2.5.2 Plants 
There are studies reporting metals in roadside plants from different countries including Cd, 
Cu, Mn, Pb, Pd, Pt, Rh and Zn (Table 2.3). Lead was included in more studies than any other 
metal. The most commonly studied plants have been grasses, leafy vegetables and fruits.  
Studies investigating plants growing adjacent to roads have shown correlations between plant 
metal accumulation and road characteristics, including increased metal accumulation in 
plants with increasing traffic density (Zereini et al., 2001) and a decrease in metal 
concentration  with distance from the road (Rodríguez-Flores and Rodríguez-Castellón, 
1982).   
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Metals from vehicle emissions can accumulate in plants via two pathways: absorption into 
roots from the soil, and through direct atmospheric deposition onto plant surfaces (Fig 2.1). A 
number of authors have suggested that the main source of lead accumulation in plant growing 
on roadsides is from atmospheric deposition rather than absorption from soil (Feng et al., 
2011; Hibben et al., 1984; Nabulo et al., 2006; Tjell et al., 1979). Studies by Nabulo et al. 
(2006) from Uganda and Hooda et al. (2007) in England using washed and unwashed plant 
leaves from roadsides, demonstrated that washed samples contained less Pb than unwashed 
samples, which confirms atmospheric deposition as a source of Pb in roadside plants. 
Atmospheric deposition was also reported to contribute to elevated concentrations of metals 
including Cd, Cu and Zn in roadside grown vegetables (Hooda et al., 2007; Nabulo et al., 
2006; Sharma et al., 2008).  
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Table 2.3 Register of roadside plant studies retrieved from peer-reviewed literature reported 
worldwide. Search engines used were Scopus, SpringerLink, Web of Science and Google 
Scholar. 
Country Species Metal Detected Soil metal extraction Reference 
     
Australia Melinis repens (Natal grass) Pb, Cd, Cu, Ni, Pb, Zn,  DTPA  (Pratt and 
Lottermoser, 2007) 
Australia Pteridium esculenta (Austral brachen) Cu, Pb, Zn HCl (David and Williams, 
1975) 
Germany Lolium sps (Rye grass) Pd, Pt, Rh Not specified (Dan-Badjo et al., 
2008) 
Greece Taraxacum spp (Dandelion) Cu Pb, Zn Nitric-perchloric 
acid 
 (Cook et al., 1994) 
India C. annuum L.(pepper), P. vulgaris L. 
(bean), and eggplant S. melongena L.(egg 
plant) 
Cd, , Cr ,Cu Ni, Pb, Zn HNO3 (Sharma et al., 2008) 
India A. esculentus (Okra), B. oleracea 
(Cabbage) 
Cd, Cu ,Pb, Zn, HNO3, HClO4 
H2SO4 
(Sharma et al., 2008) 
Turkey Cornus mass L.(Cornelian), Rosa canina 
L.(Rose), Malus communis L.(Apple) 
Prunus Sp. (Plum) 
Cd,  Cr, Cu, Ni, Pb, Se, 
Zn 
Not specified (Hamurcu et al., 
2010) 
Jordan  Anabasis articulatasis  (woody shrub) Cd, Cu, Pb, Zn, HNO3 and HCl (Jaradat and Momani, 
1999) 
Nigeria Grass-not specified As, Cd, Cr, Cu, Hg, Mn, 
Ni,  Pb, Sb, Zn 
HNO3 and HClO4 (Olajire and Ayodele, 
1997) 
Spain Grass-not specified Pb, Cd,  Ni, Zn, Cu, Fe, 
Mn 
aqua regia-HF  (Garcia and Millán, 
1998) 
Uganda Amaranthus (Amaranth) Cd, Pb,  Zn,  aqua regia and H2O2  (Nabulo et al., 2006) 
UK Lolium pereme (Rye grass)  Cd,Pb, Ni HNO3, HCl  (Muskett, 1981) 
UK Grass-not specified Pd, Pt, Rh HNO3 and H2O2  (Hooda et al., 2007) 
UK  Sambucus nigra (elder berries), Ilex 
Aquifoliaceae (holy berries), Crateagus 
oxyanthus (howthorn berries), Rubus 
fruiticosus L. (black berries), Roasa 
cannina (Rose hips). 
Pb Not specified (Fowles, 1976) 
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Figure 2.6 Roadside soil plant Cd, Cr, Cu, Mn, Ni, Pb and Zn concetrations retrieved from 
the raw data reported in peer-reviewed literature around the world. Search engines used were 
Scopus, SpringerLink, Web of Science and Google Scholar. 
 
Dietl et al. (1997) suggested that Sb contamination of roadside plants was mainly airborne as 
most of the Sb in plant tissues was removed by washing. However according to Kadi (2009) 
soil root uptake also played an important role in Sb uptake by plants in roadside soils.   
Different plant parts are reported to accumulate metals in differing proportions. Thus, mature 
leaves tend to accumulate higher concentrations of metals than younger leaves (Kabata-
Pendias and Pendias, 1984). Zinc tends to accumulate in the stem  (Garcia and Millán, 1998; 
Pratt and Lottermoser, 2007; Sharma et al., 2008) and Cu tends to accumulate more in roots 
than most metals (Pratt and Lottermoser, 2007).  In some roadside soil studies, leaves have 
been reported to accumulate more metals than roots and fruits (Nabulo et al., 2006). These 
results may have been as a result of atmospheric deposition of metals.  
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Many plant species have been reported to preferentially accumulate particular metals in their 
leaf tissues. For example, Zn concentrations were reported to be higher in Brassica oleracea 
leaves than in Cd and Cu concentrations;  Abelmoschus esculentus and B. oleracea tend to 
accumulate more Cd over Cu and Zn (Sharma et al., 2008). Lytle et al. (1994) reported 100-
200 times higher Mn concentrations compared to Pb in roadside soil, which was also 
reflected in the plant samples studied. In this particular study, Mn  concentrations recorded 
from plants exceeded the levels known to cause neurological damage (i.e. >400 mg/kg) 
(Francis and Forsyth, 1995); the authors suggested the need to understand the potential 
effects of Mn in roadside environments. In another study the mean metal concentrations of 
Cd, Cu, Mn, Ni and Zn in roadside plants (Figure 2.6) were found to be within the accepted 
concentrations recommended by FAO/WHO and are within the normal concentration range 
of these metals in plants (Opaluwa et al., 2012). Though the mean was lower, in some cases 
Cd and Zn concentration exceeded FAO/WHO recommended values (Figure 2.6). Mean 
value for Pb (5.24 mg/kg) in roadside plants around the world exceeded the FAO/WHO 
guidelines This raises the concern that crops grown adjacent to roads might contain 
concentrations of Pb that are dangerous to consumers. 
2.5.3 Animals 
There have been comparatively few studies investigating the effects of roadsides soil metal 
effects on roadside fauna. In comparison, a number of studies on plants growing on roadsides 
have linked plant metal concentrations to metal concentrations in roadside soil (Table 2.3). 
However, not much is known about metal concentrations in animals feeding on roadside 
vegetation or in the roadside soil environment, and the effects of these metals on survival, 
reproduction and distribution. 
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2.5.4 Invertebrates 
There are studies reporting the exposure of invertebrates to roadside metals (Table 2.4). Most 
of these studies were published between the 1970’s and 1990’s.  The most popular animal 
species for these studies were earthworms (Ash and Lee, 1980; Grue et al., 1986; Mariño et 
al., 1992), isopods (Williamson and Evans, 1972), caterpillars (Beyer and Moore, 1980) and 
insects/bugs (Giles et al., 1973; Price et al., 1974).  
The most popular metals for invertebrate roadside studies were Cd, Cu, Zn and especially Pb 
(Table 3.4). The mean concentrations for metal accumulation in invertebrates around the 
world were: Cd = 2.0 ± 0.54 mg/kg, Cu = 242 ± 52mg/kg and Pb = 47.7 ± 29 mg/kg (Figure 
2.7). Williamson and Evans (1972) reported Pb concentrations in most roadside invertebrates 
(beetles, millipedes, woodlice, harvestman, spiders, ants, earthworms) to be generally low, 
around 50 mg/kg, but in contrast they found some woodlice (Isopods) with body Pb 
concentrations exceeding 600 mg/kg. Beyer and Moore (1980) studied Malacosoma 
americanum (eastern caterpillars) and the leaves of their host plant Prunus serotina 
(blackberry) at increasing in distances from a highway. This study recorded Pb 
concentrations in caterpillars up to 7.4 mg/kg and a decrease in Pb concentrations for both 
caterpillars (r = -0.55) and leaves (r = -0.68) with distance from roads.  Also Beyer and 
Moore (1980) recorded a positive correlation between Pb concentrations in berry leaves and 
caterpillars (r = 0.55); however the Pb residues in caterpillars were lower than the leaves in 
host plants.  
The findings of studies on the response of roadside animal invertebrates to metals generally 
show a relationship with metal emissions from vehicle exhausts, and to the corresponding 
contamination of roadside soil and vegetation (Table 2.4). However, the exact effects of 
roadside soil metals on terrestrial invertebrates are yet to be confirmed. The presence of 
potentially toxic metals in roadside invertebrates carries a risk of food-chain transfer to the 
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animals that feed on them such as birds, rodents, small mammals and reptiles (Burns et al., 
2014).  
Table 2.4 Register of roadside invertebrates studies retrieved from peer-reviewed literature 
reported worldwide.  Search engines used were Scopus, SpringerLink, Web of Science and 
Google Scholar. 
Country Species Heavy metal Reference 
Palestine Land snail-species not specified Cu, Cd, Pb, Zn (Swaileh et al., 2001) 
Spain 
A. caliginosa, A. rosea, D. Madeirensis, D. octadera, L. 
friend (earth worms) 
 Cd, Cu, Pb (Mariño et al., 1992) 
USA Aporrectodea turgida (earth worm) Cd, Cu, Pb (Ash and Lee, 1980) 
USA 
Allolobophora trapezoides (erath worm), Lumbricus 
terrestris (earth worm), grubs (species not specified)  
Pb (Grue et al., 1986) 
USA Malacosoma americanum (Eastern tent caterpillar) Pb 
(Beyer and Moore, 
1980) 
USA Earthworms- species not specified Cd, Ni, Pb Zn 
(Gish and 
Christensen, 1973) 
UK Snails-species not specified Cd, Pb, Zn (Williamson, 1980) 
USA 
Popillia japonica (Japanese beetle), Damselflies (sps not 
specified), Mantis-species not specified 
Pb (Giles et al., 1973) 
USA 
Predatory insects, Chewing insects, Sucking insects-species 
not specified 
Pb  (Price et al., 1974) 
UK Arachni –species not specified, Auchenorrhyncha- species 
not specified, Carabida –species not specified 
Pb, Zn (Wade et al., 1980) 
UK Beetles, Millipedes, Woodlice, earthworms- species not 
specified 
Pb (Williamson and 
Evans, 1972) 
 
There are records of an increase in invertebrate density with distance from roads (Beyer et al., 
1987). This may be as a result of reduction of metals with distance from the roads, due to 
habitat preferences (Rożen and Mazur, 1997) or related to both factors. With the increase in 
soil metal concentration near roadsides a number of invertebrate species (e.g. isopods, 
hemipterans, collembolan) appeared to increase in number (Muskett and Jones, 1980). There 
are reports to support that in the presence of heavy metals, some species belonging to 
arthropod groups (Oribatida, Acari and Collembola) were able to dominate the soil 
community (Magro et al., 2013).  There are also records of better survival of second 
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generations of pupal stages of Drosophila melanogaster potentially indicating adaptation to 
roadside metals across generations (Massadeh et al., 2008). 
Some invertebrates in roadside soils have been reported to accumulate particular metals in 
their bodies. For example, snails are able to bio-accumulate Cd to concentrations ten times  
higher than that of plant leaves, but still lower than the concentrations in roadside soils 
(Swaileh et al., 2004). None of the other metals have shown a similar accumulation trend 
with snails. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Cadmium, Cu, Pb and Zn concetrations in the tissues of roadside soil invertebrates 
retrieved from the raw data reported in peer-reviewed literature around the world.  Search 
engines used were Scopus, SpringerLink, Web of Science and Google Scholar. 
 
2.5.5 Vertebrates 
Road edges display a variety of microhabitats (Hoskin and Goosem, 2010) for many 
vertebrates (Rotholz and Mandelik, 2013). There are reports of metals detected in a range of 
vertebrate animals found adjacent to roads, including bull frogs, barn owls, bats, shrews and 
rats (Table 2.5). It has been found that concentrations of metals recorded in these animals 
increases with traffic volume (Nyangababo, 2001; Welch and Dick, 1975) and decreases with 
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the distance from roads (Marcheselli et al., 2010; Welch and Dick, 1975). However, issues 
have been raised about studies focusing on distance effects, as most vertebrates are mobile 
animals and may have spent considerable time at a range of distances from roads over their 
lifetime (Hamilton and Harison 1991).  
Animals living in roadside habitats potentially feed on material rich in heavy metals 
(Spellerberg, 1998). Metals tend to accumulate in specific body parts of vertebrates including 
hair (Marcheselli et al., 2010), bones (Mierau and Favara, 1975; Welch and Dick, 1975), liver 
and kidneys (Welch and Dick, 1975).  In comparison, metal accumulation has rarely been 
detected in lungs or brains of vertebrates (Welch and Dick, 1975). While metals have been 
detected in animals from roadside environments, it has not been confirmed if the metals were 
causing toxicity. For example, Pb in mice has been reported at approximately ten times 
higher than in values recorded in roadside soil concentrations; however lead poisoning 
(negative impacts) in mice was not recorded (Mierau and Favara, 1975).  
In studies of vertebrates in roadside habitats there are reports confirming food-chain transfer 
of metals. For example, herbivores have been reported to have lower concentrations of metals 
(Pb, Zn and Cd) in their tissues than insectivorous vertebrates (Hunter and Johnson, 1982). In 
addition, omnivorous vertebrates have been reported to accumulate higher metals 
concentrations than insectivores and herbivores (Hamilton and Harrison, 1991). Lead has 
been found in swallows (insectivorous birds) nesting close to highways (Grue et al., 1984). 
However, the study by Grue et al., (1984) also suggested that Pb absorption from vehicular 
emissions was not likely to be at levels related to serious health impacts for birds that feed on 
insects such as swallows or ground feeding birds such as song birds. Grue et al. (1984) did 
report that accumulation of Pb in birds was a function of age; juvenile birds were found to be 
more sensitive to Pb than mature birds. 
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Table 2.5 Some of the vertebrate studies reported around the world. Search engines used were 
Scopus, SpringerLink, Web of Science and Google Scholar. 
Country Species 
Body part where metals 
detected 
Metal Reference 
     
England Sorex araneous (Common 
shrew),Clethrionomys lareolus 
(Bank mole), Apodemus 
sylvations (Wood mouse) 
liver, kidney Pb (Williamson and Evans, 
1972) 
     
Italy 
Apodemus sylvaticus (Wood 
mouse) 
 
liver, kidney, hair 
 Cd, Ni, Pb, Pd Pt, 
Rh, Zn 
(Marcheselli et al., 2010) 
     
Uganda 
Sciurus vulgaris (Squirrel), 
Rattus muridae (black rats) 
liver, gut, flesh)  Cd, Cu, Zn, Pb (Nyangababo, 2001) 
     
USA 
Peromyscus maniculatus 
(Deer mice) 
bones, kidney, liver 
and brain 
Pb 
(Mierau and Favara, 
1975) 
     
USA 
Peromyscus maniculatus 
(Mouse) 
liver, kidney and bone, 
but not in brain, lung, 
stomach and 
Pb (Welch and Dick, 1975) 
  
muscle, 
  
USA 
Microtus ochrogaster (Prairie 
vole ), Rattus norvegicus 
(brown rat), Blarina 
brevicauda (Short tailed 
shrew) 
gut, spleen, liver, 
kidney, bone 
Pb (Getz et al., 1977) 
     
USA  Rana catesbeiana (Bull frog body Pb (Birdsall et al., 1986) 
     
USA Hirudo rustica (Barn swallow) stomach, feathers Pb (Grue et al., 1984) 
     
USA Sturnus vulgaris (Starling) gut, feathers Pb (Grue et al., 1986b) 
 
Some studies have reported high concentrations of metals in the body of vertebrates including 
Cd (up to 4.5 mg/kg) and Pb (up to 67mg/kg) (Figure 2.8). In addition, the statistical analysis 
of a summary of studies found in the peer-reviewed literature shows that the mean value for 
metals in roadside vertebrates was Cd = 0.43 ± 0.02 mg/kg and Pb was 12 ± 2.82 mg/kg. 
Lead concentrations were higher than the WHO recommended guidelines for metals in 
animals (Opaluwa et al., 2012). 
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Figure 2.8 Cadmium and Pb concentrations in the tissues of roaside soil vertebrates retrieved 
from the raw data reported in peer-reviewed literature around the world. Other metals were 
not included because there was not enough data available for statistical summaries. Search 
engines used were Scopus, SpringerLink, Web of Science and Google Scholar. 
2.6 Australian context in roadside soil studies 
Australia has a total of 800 000 km of road network system, about 0.06 km per capita of road 
network compared with 0.03 km per capita in both Canada and New Zealand (ABS, 2012). 
Melbourne is an urban metropolitan area of 9 900 km
2
 with a population of 4.4 million 
people, and one of the most densely populated areas in Australia (ABS, 2012). Many 
residential estates have been built beside roads and as a result are prone to pollution including 
from vehicular emissions.  There have only been a few studies that have investigated roadside 
soil and vehicular emissions in Australia (Table 2.6). Only one study has occurred in 
Victoria, which dates back to the early 1980’s prior to the removal of lead from petrol 
(Section 2.2.1) and the addition of PGE elements in catalytic converters (Section 2.2.4). 
There have been a few more recent studies reported from other states of Australia but these 
did not measure metals that have been recently introduced into the roadside environment 
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including Mn, Sb, Pd, Pt and Rh. Only two Australian studies have included PGEs (Pt and 
Pd) (Table 2.6). 
Table 2.6 Summary of Australian studies investigating the effects of vehicle emissions of 
metals on roadsides. Search engines used were Scopus, SpringerLink, Web of Science and 
Google Scholar. 
Location Metal  Detected Type of study Reference 
Brisbane Pb soil, plants (Wylie and Bell, 1973) 
Brisbane  Pb soil (Al-Chalabi and Hawker, 2000) 
Brisbane   Cu, Pb, Zn road runoff (Toomey et al., 2003) 
New South Wales Cd, Cu, Pb, Zn soil, crops (David and Williams, 1975) 
Perth  Pd, Pt soil, dust (Whiteley and Murray, 2003) 
Queensland Cd, Cu, Pb, Zn, Pd, Pt soil, runoff, plants  (Pratt and Lottermoser, 2007) 
Sydney  Cu, Pb, Zn road runoff (Droppo et al., 1998) 
Sydney  Cu, Ni, Pb, Zn soil, dust (Birch and Scollen, 2003) 
Victoria  Pb soil (Clift et al., 1983) 
 
Roadside soil studies in Australia have been restricted to Cd, Cu, Ni, Pd, Pt, and Zn in soil, 
runoff, plants and dust (Table 2.6). Lead has received the majority of attention in the past, but 
there have only been a few studies since the removal of Pb from petrol, so it is difficult to 
quantify the impact that prior deposition may still be having. In particular, there has been no 
research into the accumuialton or impacts on biota of Sb and Mn deposition in roadside soils. 
To date no study covering a wide range of metals and effects of metals accumulation on 
roadside soil biological functioning has been undertaken in Australia. Further, there has been 
no investigation that explored the effects of roadside metal accumulation on ecosystem 
functioning in Australian roadside soil or in an international context. 
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2.7 Conclusions 
This review has discussed the effects of metal-based vehicular emissions on the roadside soil 
environment. There is a substantial amount of peer reviewed literature on roadside soil metal 
accumulation in particular, for Pb, Cd, Cu, Ni and Zn. In comparison, metals like As, Co, Mo 
and Sr, which are persistently present in vehicle emission, and also metals such as Mn, Pt, Pd, 
Sb and Rh that have been recently introduced to cars, and thus vehicular emissions, have 
received less attention. 
Metal concentrations in topsoil (0 - 5 cm) within 10 m of roads are influenced strongly by 
road traffic-induced emissions. Generally, the influence of vehicle emissions on soil metal 
concentrations of metals decreases with increasing soil depth and distance from the road. 
Traffic intensity has been found to be correlated positively with metal concentrations in 
roadside soils. There have been no studies in the literature that have focussed on the 
combinations of multiple emission parameters on roadside soil metal accumulation such as 
combining road age (i.e. accumulation time) and vehicular speed. 
Soil metal bioavailability has not been widely studied in roadside soil studies. Most studies 
have used strong acids to extract total or pseudo-total concentration of metals in roadside 
studies.  Many of the methods used in bioavailability studies do not account for depletion 
caused by plant uptake. Techniques like DGT incorporate this problem with many other 
important factors such as soil kinetics and temperature in soil bioavailability studies. The use 
of this DGT has yet to be validated in any study of field-aged soils containing multiple 
metals, including in roadside soils. The effect of aging of metals in soil on bioavailability has 
also not been considered to date, in roadside soil bioavailability studies. 
The presence of metals in roadside soils has been reported to result in accumulation of metals 
in the tissues of roadside fauna and flora. Metal concentrations in roadside soil are also 
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reported to affect soil microbial function. Despite the large variation of study sites/soil 
conditions, roadside study data shows some typical trends. However, roadside soil ecotoxicity 
tests have not been reported for many soils dwelling species. 
It is important to understand the pathways of metal transfer from vehicle emissions to soil 
and into organisms, and the potential impacts that mixtures of metals may have on roadside 
biological functioning.  The research outlined in this thesis is the first such attempt to 
undertake this type of research in the world. The understanding of the effects of these metals 
on roadside biological functioning could help in targetting remediation work and 
implementing new and revised policies and guidelines. 
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3 METAL ACCUMULATION IN ROADSIDE SOIL IN 
MELBOURNE, AUSTRALIA: EFFECT OF ROAD 
AGE, TRAFFIC DENSITY AND VEHICULAR 
SPEED 
3.1 Introduction 
Vehicular emissions include metals which end up in roadside soil (Li et al., 2003). These 
metals come from fuel (As, Cd, Cr, Hg, Ni, Mn, Pb, Se and Zn), engine oil (Zn, Cd, Cr, and  
Ni),  tyre wear (Zn, Cu, Pb, Cr, Cd, Co, Hg, Ni and Se), brake wear (Cu, Pb, As, Cd, Cr, Ni, 
Sb and Zn) and vehicular exhaust catalysts (VEC) (Pt, Pd and Rh) (Davis et al., 2001; Garcia-
Miragaya et al., 1981; Hjortenkrans et al., 2006; Hjortenkrans et al., 2007; Li et al., 2001; 
Palacios et al., 2000; Ravindra et al., 2004; Whiteley and Murray, 2003; Wichmann et al., 
2007; Winther and Slento, 2010; Zimmermann and Sures, 2004).  
Most studies that have investigated the effects of traffic contribution to roadside metal 
pollution have concentrated on a few metals such as Cu, Cd, Zn and Pb. However the 
possible relationships between road age (the time of exposure), the speed of vehicles and 
traffic density have yet to be effectively studied. In addition, there have been few studies on 
roadside soil metal pollution and vehicular emissions in Australia. To the authors’ best 
knowledge, the research presented here represents the first study to relate metal accumulation 
and age effect (in broader aspect) and also the first Melbourne-based study to record 
vehicular emitted roadside metal pollution levels for a broad range of metals. 
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This chapter investigated Ag, As, Cd, Co, Cr, Cu, Ni, Sb, Se, Sn  Mn, Mo,  Pb, Pd, Pt, Rh, W 
and Zn loading in roadside soil with respect to traffic, age of roads (time of exposure), and 
the speed of vehicles. This study quantifies the relationships relative to their accumulative 
effects, tracing the metals’ origin from traffic characteristics (traffic density, road age and 
vehicular speed) to roadside soil concentrations. 
3.2 Materials  
3.2.1 Sampling 
Samples were collected in December 2012, from roadside soils on Newer Volcanic geology 
in the west of Melbourne, Australia (Price et al., 1997). The choice of one underlying 
geology ensured soil derived from similar parent material, thereby reducing the variation due 
to intrinsic soil characteristics. All the chosen roads were derivatives of the same surface 
material, i.e. asphalt roads (Figure 3.1).  
Roadside sites were chosen to provide a range of road ages, traffic volumes and speed of 
vehicles (Figure 3.2-A). Road ages were selected in three categories: new (N, 2 to 5 years 
old), medium (M, 10 to 15 years old) and old (O, ≥15 years old). Traffic volumes were 
selected from three categories: low (L, < 5000 vehicles/day), medium (M, 5000-10,000 
vehicles/day) and high traffic (H, ≥ 15,000 vehicles/day). The speed of the roads was chosen 
in three categories representing the legal speed limits: low speed, 20-50 km/h, medium speed, 
50-80 km/h and high speed roads, >100 km/h. Road ages, speed and traffic volumes for 
individual roads were determined using VIC Road government department data and library 
collections, State Library of Victoria repository collections and Greater Melbourne street 
directories editions, 1966 to 2012. Samplings for traffic and age characteristics as new age 
roads-low traffic (NL), new age roads-medium traffic (NM), new age roads-high traffic  
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Figure 3.1 Representative map of greater Melbourne, Victoria, Australia showing the major 
road network. The dark pink colour represents the distribution of newer volcanic geology. 27 
roadside soil sites were selected together with 3 control sites. Abbreviations used are: 
C=control site, NL=new low traffic roads, NM=new medium traffic roads, NH=new high 
traffic roads, ML=medium low traffic roads, MM=medium medium traffic roads, 
MH=medium high traffic roads, OL=old low traffic roads, OM= old medium traffic roads 
and OH=old high traffic roads. 
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(NH), medium age roads-low traffic (ML), medium age-medium traffic (MM), medium age-
high traffic (MH), old roads-low traffic (OL), old age-medium traffic (OM) and old age-high 
traffic (OH) were repeated in triplicate; in total there were twenty seven roadside samples. In 
addition, three sites in parklands were chosen as control sites at locations > 0.5 km away 
from roads and >1 km from industry (Figure 3.2-B). This gave a total of 30 representative 
soil samples.  
Top soil (0 to 10 cm) (Hjortenkrans et al., 2008; Werkenthin et al., 2014) was collected 
within a 2 to 5 m distance of road edges in zip-lock polythene bags (approximately 500 g). 
The immediate road edge up to 2 m was avoided to minimise the risk of sampling refilled or 
recently disturbed soil from road constructions and upgrades (Werkenthin et al., 2014). 
Samples were air dried and sieved using a 2 mm sieve. These samples were sealed in zip lock 
polythene bags and stored at ambient laboratory conditions (22±2 °C) in the dark until 
analysed.  
 
  
Figure 3.2 Sampling sites (A) Free way sampling site (B) Control sampling site 
 
A B 
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3.2.2 Analytical methods 
3.2.2.1 Soil metal analysis 
An aliquot (0.5 g) of each air dried and sieved soil sample was weighed into digestion tubes 
and aqua regia 2.5 ml (HNO3 : HCl, 1:3) added. The samples were digested at 105 
o
C for 2 
hours followed by the addition of 1 ml 30% (w/w) H2O2. The digestion was continued for a 
further 15 min at 105 
o
C. When cooled to room temperature, the final volume was diluted to 
50 ml using ultra pure (18 MΩ cm-1) water. 
The acid digested extracts were filtered through nylon filter membranes (pore size 0.45 µm)  
and analysed for Ag, As, Cd, Co, Cr, Cu, Ni, Sb, Se, Sn  Mn, Mo,  Pb, Pd, Pt, Rh, W and Zn 
using an Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, Agilent Technologies 
7700x analyser). The isotopes chosen for this investigation were Ag (107), As (75), Cd (111), 
Co (59), Cr (52), Cu (63), Ni (60), Sb (121), Se (78), Sn (118), Mn (55), Mo (95), Pb (208), 
Pd (105), Pt (195), Rh (103), W (182) and Zn (66). Metal values that exceeded 100 µg/kg 
were remeasured using Atomic Absorption Spectrometry (AAS). 
The accuracy of the method was verified by analysing certified reference soil (DO82-540, 
ERA) alongside samples and with recovery >90% for all certified metals.   Pt, Pd and Rh 
were the metals tested that were not certified in the reference soil analysed so recoveries are 
not available.  
Meteorological parameters such as wind velocity, wind direction, rainfall/leaching, withering, 
topology and anthropological impacts such as the level of disturbance to the surface soil and 
industrial pollution were not taken into account.  
3.2.2.2 Other soil analysis 
Soil parameters including pH and electrical conductivity (EC) were measured using a soil: 
water suspension ratio of 1:5, effective cation exchange capacity (ECEC) determination was 
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carried out using 1M ammonium acetate at pH 7.0, soil/extractant ratio of 1:46 pre-treatment 
for soluble salts, manual leach method and organic carbon (OC) determination  was carried 
out using the Walkey and Black (W & B) method as previously described in Rayment and 
Higginson (1992). 
3.2.3 Statistical Analysis 
Data were analysed using SPSS Statistics (IBM version 21, 2012). Total soil metal 
concentrations were analysed using descriptive statistics (mean, standard error). Site means 
with control sites were compared using one way ANOVA; significance was taken as P<0.05 
and in the event of significance, two way ANOVA was used to find any interaction effects. 
Multiple comparisons (Least Significant Difference/LSD) were used to assess significance. In 
situations where the normality of data did not satisfy the Levene’s test criteria it was log ten 
or square root transformed, or non-parametric tests were carried out.  
Possible relationships between the metal and other physicochemical parameters were 
analysed using 2-tailed Pearson correlation testing. Optimised linear models for soil metal 
concentration were determined using stepwise regression list-wise background and forward 
selection criteria (P of 0.05 for entering and 0.1 for removal).   
3.3 Results 
3.3.1 Soil characteristics 
The physiochemical properties of the roadside soils, including pH, EC, ECEC and TOC are 
summarised in Table 3.1. The data presented are the mean (± standard errors) of triplicate 
samples. Among the roadside soil samples no significant difference in the physiochemical 
properties were recorded for EC, ECEC and OC. However, the control sites and the roadside 
soil samples significantly differed for pH (P=0.015) and EC (P=0.019). The pH of the 
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roadside soil samples significantly differed from those determined for the old and new roads 
(P=0.01) and new and medium age roads (P=0.001). Soil pH demonstrated a positive 
significant correlation with TOC (r= -0.453, P=0.008), EC (r=0.397, P=0.04) and ECEC 
(r=0.728, P=0.001).  
Table 3.1 Soil parameters measured in roadside soil samples.  
Location pH EC  
(µs/cm) 
ECEC  
(meq/100g) 
TOC  
(C%/g dry soil) 
C 5.2 ± 0.0 a 48.0 ± 4.0 a 8.0 ± 2.0 a 1.8 ± 0.1 a b 
NL 8.4 ± 0.3 c d 237.0 ± 43.0 c 33.0 ± 6.8 a 1.7 ± 0.3
 
a 
NM 6.9 ± 0.7 c 116.0 ± 54.0 a b 19.0 ± 6.5 a 1.9 ± 0.1a 
NH 8.4 ± 0.2 d 174.0 ± 37.0 b c 31.0 ± 2.7 a 1.8 ± 0.4 a 
ML 7.2 ± 0.6 c d 216.0 ± 42.0 c 27.0 ± 7.0 a 1.6 ± 0.6 a 
MM 7.2 ± 0.6 c 199.0 ± 24.0 c 27.0 ± 4.7 a 2.3 ± 0.0 a b 
MH 6.4 ± 0.1 b c 225.0 ± 37.8 c 25.0 ± 2.9 a 1.9 ± 0.5 a 
OL 5.8 ± 0.3 a b 198.0 ± 18.2 c 23.0 ± 1.9 a 2.9 ± 0.8 a b 
OM 6.8 ± 0.2 b c 172.0 ± 7.1 b c 18.0 ± 3.2 a 2.1 ± 0.6 a b 
OH 6.6 ± 0.4 b c 162.0 ± 14.9 b c 22.0 ± 1.9 a 3.5 ± 0.7 b 
 +/- represents the standard error. Abbreviations used are: C=control site, NL=new low traffic roads, NM =new medium traffic roads, 
NH=new high traffic roads, ML=medium low traffic roads, MM=medium medium traffic roads, MH=medium high traffic roads, OL=old 
low traffic roads, OM= old medium traffic roads and OH= old high traffic roads. EC=Electrical conductivity, ECEC= Effective cation 
exchange capacity, TOC= Total organic carbon content.  a, b, c, d denotes the significance between the sites where numbers within a column 
with the same letter are not significantly different (P>0.05). 
 
3.3.2 Heavy metal concentration in roadside soil effects of site, traffic and 
road age  
Table 3.2 presents the analysis of a variety of metal concentrations (Ag, As, Cd, Co, Cr, Cu, 
Mn, Mo, Ni, Pb, Sb, Se, Sn, W, Pt, Pd, Rh, W and Zn) in roadside soil.  It is apparent from 
the data that road type (NL, NM, NH, ML, MM, MH OL, OM or OH), traffic (L, M and H), 
and age (N, M, and O) of roads had a significant (P<0.05) accumulation of metals in 
Melbourne roadside soils.  
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Table 3.2 Statistical significance of the ANOVA analysis one-way ANOVA for road type 
(n=30) and two way ANOVA for traffic and age (n=27) of metal concentrations found in 
roadside soils. The data was analysed using the Levenes test with P>0.05 considered 
nonsignificanct, tested with nonparametric analysis (Cd, Cr, Cu, Ni, Pb, and Zn).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*significant at P<0.05, ** significant at P<0.01, *** significant at P<0.001 
 
       
METAL CONTENT ROAD TYPE 
(one way ANOVA)   
TRAFFIC 
 
AGE  
(two way ANOVA) 
      
 
As 0.188 
  
n/a 
 
n/a 
 
 
    
 
Ag 0.082 
  
n/a 
 
0.267 
 
 
    
 
Cd 0.001
***
 
  
0.330 
 
0.003
**
 
 
 
    
 
Co 0.068 
  
n/a 
 
n/a 
 
 
    
 
Cr 0.050
*
 
  
n/a 
 
0.015
*
 
 
 
    
 
Cu 0.008
**
 
  
0.317 
 
0.009
**
 
 
 
    
 
Mn 0.001
***
 
  
0.138 
 
0.009
**
 
 
 
    
 
Mo 0.001
***
 
  
0.001
***
 
 
0.313 
 
 
    
 
Ni 0.024
*
 
  
0.215 
 
0.422 
 
 
    
 
Pb 0.023
*
 
  
0.100 
 
0.007
**
 
 
 
    
 
Pd 0.028 
  
0.854 
 
0.001
***
 
 
Sb 0.081 
  
n/a 
 
n/a 
 
 
    
 
Sn 0.103 
  
n/a 
 
n/a 
 
 
    
 
W 0.763 
  
n/a 
 
n/a 
 
 
    
 
Zn 0.005
**
 
  
0.211 
 
0.001
**
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Figure 3.3 The relationship between total metals in roadside soil (Cd (a), Cr (b), Cu (c), Mn 
(d), Ni (e), Pb (f) and Zn (g) and road age i.e. new (3-5 years old), medium (10-15 years old) 
and old (≥15 years old) .  Values are means (n=3) ± standard error. Values within a graphs 
with the same letter are not sigfnicantly different (P>0.05). 
 
 
(a) Cd P=0.001 
(d) Mn P=0.001 (c) Cu P=0.008 
(b) Cr P=0.05 
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Figure 3.4 The relationship between total metals in roadside soil Ni (e), Pb (f), Zn (g) and 
road age i.e. new (3-5 years old), medium (10-15 years old) and old (≥15 years old) . Values 
are means (n=3) ± standard error. Values within a graphs with the same letter are not 
significantly different (P>0.05). 
 
The control sites studied had lower concentrations of metals compared to the roadside sites 
for Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn (Figure 3.3). In comparison, there were some metals 
(As, Ag, Cr, Co, Sb, Sn and W) where no significant difference (P>0.05) was found between 
concentrations at control and roadside sites (Table 3.2).  
The highest concentrations for roadside soil for those metals showing a non-significant 
difference with controls sites were As (8.6 mg/kg), Ag (1.5 mg/kg), Co (9.2 mg/kg), Sb (2.6 
mg/kg), Sn (3.5 mg/kg) and W (0.19 mg/kg) (Figure.3.2). Concentrations of Mo and Pd were 
recorded at the control sites and were at higher concentrations than detected at some of the 
(g) Zn P=0.005 
(f) Pb P=0.028 (e) Ni P=0.024 
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affected sites.  The concentrations of Se, Pt, and Rh were below the detection limit in the soil 
samples (0.356 µg/kg, 0.013 µg/kg and 0.003 µg/kg respectively) and therefore not 
presented.  
The highest concentrations of Mn were recorded on new high traffic roads (599.4 mg/kg), Pb 
from old high traffic roads (143.8 mg/kg), Zn from old medium aged roads (88.8 mg/kg), Cu 
from medium age low traffic roads (12.4 mg/kg), Mo from medium high traffic roads (13.9 
mg/kg), Cd from old low traffic roads (0.59 mg/kg) and Ni from old medium traffic roads 
(20.6 mg/kg) (Figure.3.3).   
A significant relationship between roadside soil and road- type was evident for Cd (P<0.001), 
Cu (P<0.008), Mn (P<0.001), Mo (P<0.001), Pb (P<0.023), Cr (P<0.05) and Zn (P<0.005). 
An aging effect (time of exposure) was apparent for Cd (P=0.003), Cu (0.009), Mn 
(P=0.009), Cr (P=0.015) and Pb (P=0.007) only.  
Variation in the pattern of heavy metal distribution throughout the sites was apparent for 
some metals; Mn tended to be high in high traffic roads, Cr in low traffic roads, Cu in low 
and medium traffic roads and Zn in medium traffic roads. As per the criteria used to 
determine significance (P≤0.05), the marginal level of significance of Ag (P=0.082), Co 
(P=0.068) and Sb (P=0.081) (Table 3.2) indicates the possibility of future significant 
accumulation on Melbourne roadside soil (i.e. potential emerging metals of concern in 
roadside soil). 
The use of stepwise regression elucidated relationships between road characteristics and 
roadside concentrations of heavy metals in soil (all R>0.68, Table 3.3). Both backward and 
forward stepwise regression suggested positive relationships between road age and soil 
concentrations of Cd and Cr. For traffic volume, only the backward stepwise regression 
found positive relationships with soil concentrations of Mn, Ni and Zn. The speed limit had 
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consistent positive relationships with the soil concentrations of Mn and Pb.  No relationship 
was able to be developed using forward stepwise selection criteria for the speed limit.  The 
strongest relationship developed was with the speed limit (R=0.90) and road age (R=0.82) 
using backward stepwise regression criteria. Overall, the level of metal contamination was 
best explained by the speed of the cars and the age of the roads rather than by traffic density. 
In both speed stepwise relationships (forward and backward), the increase in Mn levels was 
related to the increase in the speed of the vehicle (Table 3.3).   
Table 3.3 Optimised linear models for the relationship between metal concentration in 
roadside soil and road characteristics (speed limit, road age and traffic density). Models were 
determined by stepwise regression using list wise backward and forward selection (criteria of 
0.05 for entry and 0.10 for removal). 
Independent 
variables 
Model R 
Model 
approach 
    
  
  
Soil metal 
concentrations Traffic density (car number/day)=n/a n/a Forward 
 
 
Traffic (car number/day) =19324.1 +24.6 Mn(mg/kg) +1708.0 Ni(mg/kg) +133.2 
Zn(mg/kg) 
0.68 Backward 
Soil metal 
concentrations  Road age(y)=22.6+0.137Pd(mg/kg)+32.8 Cd(mg/kg)-0.8 Cr(mg/kg) 0.73 Forward 
 
 
Road age(y)=51.3 -0.4 Mn(mg/kg)+2.3 Ni(mg/kg)+30.3 Cd(mg/kg)-2.3 Cr(mg/kg)-
19.9 Ag(mg/kg) 
0.82 Backward 
    Soil metal 
concentrations Speed limit (km/h)=12.9 +3.2 Mo(mg/kg)+0.1Mn(mg/kg+0.2Pb(mg/kg) 0.78 Forward 
 
 
Speed(km/h)=71.7 +0.1Mn(mg/kg)+4.5 As(mg/kg)-53.8 Cd(mg/kg) +14.6 
Sb(mg/kg)+0.2 Pb(mg/kg)-577.8 Pd(mg/kg)+2.3 Co(mg/kg)-1.7 Cr(mg/kg)+21.3 
Ag(mg/kg) 
 
0.90 Backward 
 
3.3.3 Correlations between the metal accumulation in roadside soil and 
road characteristics  
Using Pearson correlations, the potential relationship between metal accumulation in soil and 
speed effect was assessed. Interestingly, metals which didn’t show significant accumulation 
concentrations (Table 3.2), such as Sb, demonstrated a significant relationship with vehicular 
speed (Pearson correlation, 2 tailed, r=0.557, P=0.003). 
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Some metals showed significant correlation with each other, such as  Cu {Cu:Mo (r=0.399, 
P=0.01), Cu:Sn (r=0.672, P=0.001), Cu:Zn (r=0.610, P=0.01)}, for Mo {Mo:Ag (r=0.39, 
P=0.01), Mo:Zn (r=0.458, 0.01), Mo:Co (r=0.415), Mo:Sb (r=0.659, P=0.001), Mo:Sn 
(r=0.445, P=0.01)} for Cr (Cr:Co (r=0.684, P=0.001), Cr:Sn (r=0.415, P=0.01)} and for Sb, 
Sb:Cr (r=0.397, P=0.01), Sb:Zn (r=0.404, P=0.001), Sb:Sn (r=0.412, P=0.01)}. Interestingly 
accumulation of Mn:Pb showed a negative relationship (r=-0.401, P=0.01).                                                                                                  
Pearson correlation (2 tailed, significance) further demonstrated a strong relationship with car 
density: speed (r=0.756, P<0.001). No significant relationships could be determined between 
accumulated roadside metal concentrations and GPS location with respect to latitude or 
longitude (except for Cr (with latitude/X axis r=0.476, P=0.01) and Cd (with longitudinal/ Y 
axis, r=0.418, P=0.01). That is, most of the metal accumulation in Melbourne roadside soil 
was independent of X and Y GPS locations. 
3.4 Discussion 
Metal accumulation in western Melbourne roadside soil was related to the road type, traffic, 
age and speed of the vehicles. Recently introduced metals such as Mn, Sb, Pd tended to be 
high in new and medium age roads. Persistently present metals in vehicular emissions such as 
Cr, Pb and Zn were highest in the oldest age roads.  
The current study recorded the highest Pb (144 mg/kg, Figure 3.3f) from OH traffic roads 
{age (O) ≥30 years old traffic (H) ≥15,000 vehicles/day} which is likely to be indicative of 
past contamination and persistence of Pb in soil (Li et al., 2004). Lead is emitted from 
different sources such as fuel (TEL/tetraethyl lead), brake wear, engine oil, bearings, tyre 
wear and road abrasions (Aslam et al., 2011; Lee and Touray, 1998; Lough et al., 2005). 
Under the Fuel Quality Standard Act 2000, the use of tetraethyl lead in AVSR (anti-valve 
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seat recession) was phased out in Australia by 2002 (NICNAS, 2003) and as a result 
vehicular emissions of Pb are likely to have been much reduced in recent years. In agreement 
with this, non-significant Pb concentrations were recorded in new (age 0-5 yrs) and medium 
age (10 - 15yrs) roads that were built after 2002, i.e. after the ban in the use of Pb in petrol.  
Today instead of Pb,  a Mn compound called MMT (methylcyclopentadienyl manganese 
tricarbonyl) is used as a petrol additive (NICNAS, 2003). Use of MMT is restricted in many 
countries. In Australia the use of MMT is not prohibited by law (Environment and Australia, 
2000); however the AVSR use of MMT declined by 2004 and use of MMT is currently 
available via aftermarket addition only at the level of 18 mg Mn/litre (NICNAS, 2003). The 
current study recorded the highest concentration of Mn (599 mg /kg) from NH roadside soil 
(Figure 3.3, c), a value which exceeds the Australian soil Ecological Investigation Level 
(EIL) (500 mg/kg) (NEPC, 2011). Methylcyclopentadienyl manganese tricarbonyl (MMT) 
has a half-life of less than  2 minutes, but due to it its hydrophobicity it  adsorbs  on to  soil 
particles (Sedodon., 2000). This may enhance the accumulation of Mn in soil over a shorter 
period of time compared to other metals (such as Pb). The current study suggests that the Mn 
accumulation in roadside soil strongly correlates with the age of the roads (P=0.9, Table 3.1) 
rather than with speed of vehicles and vehicular density.  A similar relationship was 
demonstrated by Cohen et al. (2005) for traffic density and Mn in air (PM10) in Sydney, 
Australia.  
Brake pads include a mixture of metals such as Cu, Mo, Sb, Zn, Pb, Cd and Cr (Li et al., 
2004). In the late 1980’s, Sb was introduced as Sb2S3 in brake pads (Hjortenkrans et al., 
2007).  This current study suggests that Sb is as an emerging metal; this is of concern as 
Sb2O3 is considered to be carcinogenic (Cavallo et al., 2002). Acceleration of vehicles and 
speed of vehicles could be the cause of Sb release to roadside soil. The concentrations of 
persistently emitted metals such as Cr, Cu, Mo, Cd and Zn demonstrated a significant 
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correlation with the age of roads (Table 3.2), thus confirming the accumulation of metals in 
roadside soils. The Significance of Pearson’s correlation coefficients between Cr, Cu, Sb and 
Zn suggests these metals may be derived from a common source with the most likely source 
being the wear and tear of brakes. Apart from brake wear, Zn is mainly emitted as a result of 
tyre wear in vehicles (Hjortenkrans et al., 2007; Li et al., 2004). Zinc is added to tyres during 
production as ZnO. Zinc soil concentrations of 70-400 mg/kg or above are considered toxic 
(Alloway et al., 1990). The highest Zn concentration recorded was 88 mg/kg on OM roads 
and this is of concern with respect to Australian (Melbourne) roadside Zn contamination. 
High levels of Cd measured on Melbourne roadside soils (0.59 mg/kg) could also represent a 
significant environmental contaminant (Hjortenkrans et al., 2007).   
Persistently present metals in vehicular emissions such as Cr, Cu, Ni, Mo originate from a 
variety of sources such as brake wear, tyre wear, engine oil, fuel and also from road abrasions 
(Duong and Lee, 2011). The OM roads chosen mostly connect industrial areas and the 
presence of more diesel-fuelled vehicles (trucks) is possible. More Cr contamination may 
have therefore occurred as a result of higher diesel fuel compared to petrol use on these roads 
(Winther and Slento, 2010).   
The most likely sources for Melbourne roadside metals were additives, brake wear and tyre 
wear considering their strong coexistence with similar metal types (as per the Pearson 
correlation results).  The pH data suggests that most of the soils in the current study were 
alkaline (Table 3.1), thus any leaching of metals is likely to be of minor concern for any of 
these sites. However, over time Cd and Zn dissolve more readily than Pb if the rainwater is 
slightly acidic (Lee and Touray, 1998). As a result, actual deposition may be higher than the 
concentrations recorded for these metals.   
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3.5 Conclusions 
Elevated concentrations of metals were recorded in Melbourne roadside soils. The 
concentrations of Cd, Cu, Mn, Mo, Ni, Pb, Pd and Zn were found to be significantly 
accumulated in Melbourne roadside soil, and their occurrence was related to traffic 
characteristics such as road age, traffic density and speed. Vehicular speed was the strongest 
factor followed by road age and traffic density in terms of roadside soil metal concentrations. 
More recent metal contaminants in roadside soil, such as Mn, were identified as a recent 
significant impact on the environment.  Silver, Co and Sb were found as other emerging risks. 
Current Pb accumulation in roadside soil in this study is less than previously recorded values 
in Australia. Cadmium, Mn, and Zn were identified as the most important contaminants 
recorded. Significant accumulation of metals in roadside environments in this study, should 
be given more attention as these metals have the potential to enter the food chain and cause 
adverse effects on biota and the environment. 
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4 ROADSIDE SOIL METAL: BIOAVAILABILITY, 
PLANT UPTAKE AND ESTIMATED METAL 
RELEASE KINETICS WITH RESPECT TO METAL 
AGING IN SOIL USING A 2D DIFS MODEL 
4.1 Introduction 
It has been recognised that total metal concentrations in soil are not suitable measurements to 
estimate the bioavailability of metals to plants. Previous studies have shown the importance 
of soil metal bioavailability in determining metal toxicity; however there is still no general 
agreement on how best to measure metal bioavailability in soils (McLaughlin et al., 2000; 
Peijnenburg et al., 2007; Reichman, 2002). Recent research is finding that accurate 
measurements of the sizes of soil metal pools and the associated kinetics of movement 
between pools with minimum disturbance to the soil is an important aspect in understanding 
metal bioavailability and mobility in the soil (Lehto et al., 2008). Conventional soil extraction 
methods only measure metals in pore water at the time of extraction and do not take into 
account metal resupply by the desorption process or the depletion of metals by uptake or 
leaching.  
The technique of diffusive gradients in thin films (DGT) was developed as a surrogate for 
studies in heavy metal uptake by plants (Zhang et al., 2001). During DGT measurements, 
metals passing through the diffusive gel are accumulated in the resin gel layer. The diffusive 
gel membranes only allow labile metals to pass through, which mimics the uptake of metals 
by plant roots, thus creating a diffusion flux to the DGT from the surrounding soil solution 
(Ernstberger et al., 2005). A number of studies investigating the relationships between metal 
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concentrations in plants and in DGT gels have demonstrated that the controls on the uptake of 
metals by DGT and plants are similar (Ernstberger et al., 2002; Nolan et al., 2005; Nowack et 
al., 2004; Zhang et al., 2004). The advantage of using the DGT technique to determine the 
bioavailability of metals in soil is that it not only measures the metal concentration at the soil-
solution interface but also the kinetics of heavy metal resupply from the solid phase to 
solution during the measurement (Nolan et al., 2005). 
To determine the dynamics of metals in solution and solid phases during DGT measurement, 
the R-value has been proposed as a quotient of the interface metal concentration CDGT (metal 
concentration determined by DGT) and CSOL (total metal dissolved in the soil solution). The 
R-value obtained is used as an indicator of the ability of a soil to re-supply of metals  
(Ernstberger et al., 2002; Harper et al., 1998).   
Furthermore, the ratio of the theoretical metal concentration in the soil and soil solution 
(RDIFF) can be simulated using the 2D DIFS model where the physical properties of the soil 
such as soil porosity are taken into account.  The 2D DIFS (Sochaczewski et al., 2007)  is a 
dynamic numerical model developed for use in conjunction with DGT measurement in soil to 
estimate the proportion of metal in the solid phase. The 2D DIFS model includes the 
distribution ratio Kd with equilibration response times (Tc) and RDIFF. The RDIFF is applied to 
calculate an effective concentration (CE). Effective concentration represents the elemental 
concentration that is effectively available for uptake from the solution-phase and solid-phase 
(Harper et al., 1998). In addition, the DGT technique has been used to estimate metal release 
kinetics in soil metals from the solid to solution phase in soils (Ernstberger et al., 2002; 
Ernstberger et al., 2005) .  The response time of soil (Tc) to the resupply of metals in to the 
solution phase represents the response to metal depletion by DGT and is directly related to 
the rate constant of the metal resupply process to the solution phase to DGT film (Kdl), and 
therefore to plant roots (Harper et al., 1998).   
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The DGT technique has been applied to assess the contribution of metals to plants from solid 
and solution phases. A study by Ernstberger et al. (2002) suggested a longer response time 
may indicate release of metals from sites of minerals in soils other than at the surface. 
Another study by Ernstberger et al. (2005) suggested that the speed of Zn and Cd resupply 
depends on the soil metal pool concentration, organic matter and soil pH, while the 
distribution coefficient for labile metals was mainly dependent on the soil pH. Zhang et al. 
(2004) reported that the zinc contaminated soil collected from close to electricity pylons and 
around safety barriers close to major roads had higher response times than freshly spiked soil. 
Lehto et al. (2008) interpreted the supply behaviour of solutes, represented as a coefficient of 
labile metal and response time (Tc). The data obtained for Cd, Zn and Ni was studied in order 
to calculate the KD using 1D DIFS  and 2D DIFS models and confirmed that the rate 
constants was reasonably accurate with both models (1D DIFS and 2D DIFS models) (Lehto 
et al., 2008).  
Current understanding of the kinetics of metal aging in soil, and in particular in roadside soil, 
is limited. Aging of metals in soil is a long term process. The majority of experiments on 
metal aging in soils have been conducted using soils that have been spiked with metals. 
However, the use of freshly spiked soils may cause an over prediction of the influence of 
aging of the metals in soil due to larger initial transformations occurring in these systems 
(Lock and Janssen, 2003). Experiments with field soils confirmed that metal availability 
decreases as a result of metal aging in soil (Buekers, 2007; López-García and Moreira, 2008; 
Ma et al., 2013).  Metal aging processes in soil are also known to affect metal uptake by biota 
(Peijnenburg and Vijver, 2007). Temperature, pH, moisture content and weather all affect the 
rate of metal aging in soil, with pH considered the most important parameter (Lock and 
Janssen, 2002).  
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This study aimed to investigate how soil properties and metal aging in soil affect the 
bioavailability and kinetics of metal release in roadside soil (vehicular density ≥ 1500 units). 
Soil samples were collected adjacent to roads ranging in age from 2 to 60 years. 
4.2 Method 
4.2.1 Soil Sampling 
Roadside soil samples were collected from freeways in the west of Melbourne adjacent to 
roads carrying ≥1500 vehicles/day and representing three different road ages i.e. new (N = 2-
5 years), medium (M= 5-10 years) and old (O ≥ 15 years). There were three replicates of each 
road type. The soil sampling methods for this experiment were the same as per those 
described in section 3.2.1 except where otherwise stated. 
4.2.2 Wheat Assay 
Soil samples were air dried (23 °C), sieved (≤ 2 mm) and 75 g aliquots placed into 24 
polystyrene plastic pots (180 ml). The pots were wet to 50% of the maximum water holding 
capacity (MWHC) and left to equilibrate for 24 h at 21°C in the dark. Triticum aestivum 
(bread wheat) seeds sourced from the Department of Primary Industries, New South Wales, 
Australia were surface sterilised with 0.3% NaCl and rinsed with deionised water (Abbas et 
al., 2006). Twenty seeds were sown into each pot and placed in a growth chamber at 21°C 
/15°C on a 14 h/10 h light/dark cycle for 28 days (Figure 4.1). On the 5
th
 day after sowing, 
the seedlings were thinned to 10 per pot. Aliquots (5 ml) of Ruakara nutrient solution (Smart 
et al., 2004) were added to the pots on days 5, 10, 15, 20 and 25 prior to watering. 
Throughout the experiment, pots were regularly watered with deionised water to maintain 
50% MWHC.  
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On day 28, seedlings were harvested with shoots cut 1 cm above the soil. Shoots were 
washed thoroughly with ultra pure Milli-Q (18 MΩ cm-1) water, dried for 24 h at 45 °C and 
the shoot dry weight recorded for each pot. Dried shoot samples were finely ground and 
stored in   polypropylene plastic storage vials.  Nitric acid (HNO3, 5 ml, 70%, Sigma Aldrich 
analytical grade) together with hydrogen peroxide (1 ml, 30% w/w, sigma Aldrich) was 
added to aliquots of the dried plant samples (0.2 g) and digested at 115 °C using a microwave 
digester. After digestion samples were filtered (pore size 0.45 µm) and diluted with ultrapure 
(18 MΩ cm-1) water before being analysed for total metals using ICP-MS (Inductively 
Coupled Plasma-Mass Spectrometry, Agilent technologies 7700x analyser).   
 
 
 
 
 
 
 
 
Figure 4.1  Triticum aestivum experiment in Growth chamber at 21°C /15°C on a 14 h/10 h 
light/dark cycle  
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4.2.3 Analysis methods for metals in soil 
4.2.3.1 Total metal  digestion 
Soil metal analysis using the acid digestion method was as previously described in Section 
3.2.2.1. 
4.2.3.2 CaCl2 extraction  
For extraction of soluble metals from soil, an air-dried soil sample (10 g) was placed into a 
250 ml High Density Poly Ethylene (HDPE) plastic bottle.  Calcium chloride solution (100 
ml of 0.01 M) was then added to the bottle (Houba et al., 2000). The bottles were vortexed 
for 2 h at 20 
o
C. The suspension (approximately 60 ml) was decanted into a 100 ml centrifuge 
tube and centrifuged for 10 minutes at 1,800 rpm. An aliquot (10 ml) of the supernatant was 
filtered using a 0.45 µm syringe filter. The filtered supernatant was acidified with 4% HNO3 
(1:2 ratio) and analysed for metal concentrations using Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS).  
4.2.3.3 Other methods 
Other soil analysis for pH, effective cation exchange capacity (ECEC) and organic carbon 
(OC) was as previously described in Section 3.2.2.2 (Other Soil Analysis Section). 
4.2.4 Diffusive gradients in thin films technique (DGT) 
The analysis of DGT in soil was carried out as described by Zhang et al. (1998). Briefly, soils 
(50 g) were moistened to MWHC by adding the measured mass of ultrapure water while 
mixing with a wooden spatula until a smooth paste was formed.  The soil paste was covered 
with clean plastic wrap to prevent water evaporation and left to equilibrate for 24 hours in the 
dark at 20 ± 1 °C. Before DGT deployment in the soil, the DGT (Chelex-100) devices (source 
Griffith University, Australia) were rinsed thoroughly with ultrapure water (to remove the 
NaNO3 solution that the devices had been stored in) and dried with tissue paper. A small 
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subsample of each soil paste was applied directly to the DGT device membrane (Figure 4.2A) 
to ensure complete contact between the soil paste and the DGT membrane before the device 
was placed with gentle pressure directly onto the soil paste sample (Figure 4.2B). During 
deployment of the DGT devices the dishes were covered with plastic paraffin film (Parafilm 
M®, Bemis NA) to minimise water evaporation. The room temperature throughout the 
deployment was recorded using two data loggers to ensure minimal temperature fluctuations. 
The DGT devices were deployed for 7 hours at 20 ± 1°C under ambient laboratory lighting 
conditions (Figure 4.2C). 
Upon retrieval, each DGT device was rinsed using ultrapure water to remove soil particles 
and dried using clean, dry tissue paper. The resin gel was removed using a clean plastic 
tweezers for each sample. The resin gel was extracted using 1 ml of 1M HNO3 in a clean 5 ml 
polypropylene centrifuge tube. To obtain soil solution samples for analysis of soil solution 
metal concentration (CSOL), an aliquot of the sample of the soil paste was added to a 50 ml 
centrifuge tube and centrifuged at 5000 rpm for 5 min. The supernatant was decanted, filtered 
through a nylon filter membrane (0.45 µm) and acidified with 1M HNO3.  The metal 
concentrations in the resin gel and soil solution samples were analysed using ICP-MS. The 
total dissolved metal of soil was centrifuged and extracted from the same soil samples that 
were used in DGT deployment. 
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Figure 4.2 Different stages of DGT experiment deployment: (A) Application of soil paste on 
to the DGT. (B) Embedding the DGT facing downwards in the soil paste. (C) DGT 
deployment 
 
4.2.4.1 DGT data analysis  
The concentration of metal (M) accumulated on the binding gel in the DGT device was 
determined according to Equation 1.  
M = C (Vacid + Vgel) / fe   (1) 
Where:  C is the metal concentration in the eluted from the binding gel measured by ICP-MS 
 Vacid is the volume of acid used for elution (Vacid = 1 ml),  
 Vgel is the volume of resin gel (Vgel = 0.16 ml),  
 fe is the elution factor (fe = 0.8).  
Once M is calculated, the interfacial DGT (CDGT) can be calculated using Equation 2,  
CDGT = Mg / DAt    (2) 
where: g is the diffusive layer thickness (0.8 mm) plus the thickness of the filter 
            membrane (0.14 mm) which is 0.94 mm,  
D is the diffusion coefficient of metal at a given temperature,  
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t is the deployment time (in seconds),  
A is the area of the exposed membrane (A=3.14 cm
2
). 
 
The input parameters used in the 2D DFIS model were particle concentration (Pc) and soil 
porosity (ϕ). Pc was determined using Equation, 3 and soil porosity was determined using 
Equation 4 below. 
The diffusion coefficients of the metal of interest (Ds) were calculated using Equations 3, 4 
and 5.  
Pc = M / V     (3) 
 ϕ  = dp / (Pc + dp)    (4) 
 Ds = D0 / (1-ln ϕ
2
)    (5) 
where:  M is the mass/weight for the soil taken,  
 V is the amount of water in soil pore water,  
 Do is the diffusion coefficient of the metal ion at 20 ± 1
0 
C,  
 Dp is the density of soil particles (2.65g cm
-3
) in soil.  
An effective solution concentration CE can be derived using Equation 6.  
CE = CDGT / RDIFF   (6) 
The effective concentration (CE) is used to estimate the potential metal concentration that can 
be taken up by plants. The DGT technique mimics root uptake by plants; interface metal 
concentration is continuously depleted due to the uptake and the resupply process of metals in 
the solution during the deployment. Metal depletion is indicated as a ratio (R) using the CDGT 
and independently measured solution (CSOL) concentrations (Equation 7). 
 R = CDGT/ CSOL          (7) 
          Tc = C (1-R / R-d) 
2 
            (8) 
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where:  Tc (seconds) is the time taken to reach the equilibrium, Tc is determined using 
Equation 8 
Note: For samples with high porosity; C= 403, d= 0.0247 and for the low 
porosity case C=229, d = 0.0186 (Harper et al., 1998). The soils for this study 
were treated as being low porosity case. 
4.2.5 Statistical analysis 
Data were analysed using SPSS Statistics (IBM version 21, 2012). The soil physiochemical 
parameters studied were analysed using descriptive statistics (mean, standard error).  Site 
means and control sites were compared using one way ANOVA, with significance taken as P 
< 0.05. Possible relationships between the metal of interest and other physicochemical 
parameters were analysed using a 2-tailed Pearson correlation test; significance was treated as 
P<0.1. Optimised linear models for soil metal concentration were determined using stepwise 
regression criteria of 0.05 for entry. 
4.3 Results  
4.3.1 Soil properties 
There were few differences in general soil characteristics between road types and the control 
sites (Table 4.1).  Significantly more alkaline pH was recorded from new roadsides compared 
to other sites; total organic carbon was highest in the oldest roadside soils and EC was lowest 
in the control soil. There was no significant difference in Pc or ECEC between the site types. 
Total metal (Cd, Cu, Mn, Ni and Zn) concentrations measured in the control soil samples 
were lower than the roadside soil samples (Table 4.2).  The highest Zn and Cd concentrations 
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(45.2 mg/kg and 0.205 mg/kg) were recorded adjacent to old roads and the highest Mn 
concentrations (599 mg/kg) were recorded from next to new roads.  
Table 4.1 Soil characteristics for roadside soils in western Melbourne, Australia, on newer 
volcanic parent material; values are mean (n=3) ± standard error.  Samples were divided into 
new (N = 2-5 years), medium (M= 5-10 years) and old (O ≥ 15 years) roads. Numbers in a 
column with the same letter are not significantly different (P>0.05). 
Site 
 
pH 
 
Pc 
(g/cm
3
) 
TOC 
(C%/g dry soil) 
EC  
(mS/cm) 
ECEC  
(meq/100 g) 
      
Control 5.17 ± 0.00 a 1.6 ± 0.00 a 1.8 ± 0.1 a 48.0 ± 4.0 a 8.0 ± 2.0 a 
New 8.17 ± 0.05 b 1.55 ± 0.31 a 1.8 ± 0.4 a 174.0 ± 37.0 c 31.0 ± 2.7 a 
Medium 6.47 ± 0.20 ab 1.38 ± 0.39 a 1.9 ± 0.5 a 225.0 ± 37.8 c 25.0 ± 2.9 a 
Old 6.30 ± 0.54 ab 1.57  ± 0.04 a 3.5 ± 0.7 b 162.0 ± 14.9 c 22.0 ± 1.9 a 
      
Pc = soil particle concentration determined using equation 3 (section 5.2.4.1)
  
 
4.3.2 Wheat uptake and soil effective (CE) and interface (CDGT) metal 
concentrations 
Wheat uptake of metals varied with the sites. Manganese, Ni and Zn were measured in 
significantly (P<0.05) higher concentrations in wheat from roadside soils, compared to the 
concentrations measured in metals from plants in the control site (Table 4.2).  A trend of N< 
M & O was observed for Cu and Zn concentrations in wheat, while no trend was recorded for 
Cd, Mn and Zn concentrations in wheat shoots (Table 4.2). The concentration of all metal 
accumulated by the DGT from the soil followed the trend N < M & O across the roadside 
sample sites with the exception of soil-AG, which differed considerably (Table 4.2). The 
metals trapped by the DGT increased with the age of the roads from which the soil was 
collected (Table 4.2).  
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Table 4.2 Metal concentrations (Cd, Cu, Mn, Ni and Zn) in soil, wheat, DGT, CE, CSOL, 
CaCl2 extractable metals. P<0.05 
  
 µg L
-1
   
Total (mg Kg
-1
) CaCl2 CSOL CE CDGT 
Plant  
(mg kg
-
1 DW) 
R 
Cd_S  C 0.052 ± 0.02a 0.22 ± 0.01a 0.004 ± 0.01a 0.023 ± 0.016a 0.002 ± 0.001a 0.02 ± 0.01a 0.41 ± 0.17b 
 N 0.066 ± 0.02a 0.10 ± 0.004a 0.011 ± 0.006a 0.021 ± 0.01a 0.002 ± 0.001a 0.04 ± 0.03ab 0.09 ± 0.05a 
 M 0.133 ± 0.01a 0.30 ± 0.032a 0.008 ± 0.004a 0.056 ± 0.018a 0.005 ± 0.000a 0.07 ± 0.01b 0.39 ± 0.09b 
 O 0.205 ± 0.02a 0.16 ± 0.001a 0.027 ± 0.01a 0.066 ± 0.025a 0.006 ± 0.002a 0.01 ± 0.00a 0.11 ± 0.05a 
         
Cd_AG C 0.050 ± 0.03a 0.10 ± 0.003a 0.003 ± 0.001a 0.011± 0.004a 0.001 ± 0.001a  0.15 ± 0.10a 
 N 0.028 ± 0.00a 0.10 ± 0.000a 0.001 ± 0.001a 0.007 ± 0.003a 0.001 ± 0.000a  0.44 ± 0.11a 
 M 0.030 ± 0.00a 0.10 ± 0.001a 0.003 ± 0.001a 0.004 ± 0.000a 0.000 ± 0.000a  0.12 ± 0.02a 
 O 0.028 ± 0.01a 0.10 ± 0.003a 0.056 ± 0.001a 0.009 ± 0.001a 0.001 ± 0.000a  0.14 ± 0.01a 
         
Cu_s C 3.94  ± 0.45a 0.02 ± 0.01a 0.03 ± 0.006a 0.036 ± 0.009a 0.003 ± 0.001a 1.78 ± 0.00a 0.13 ± 0.01a 
 N 7.80 ± 0.98a 0.08 ± 0.03a 0.04 ± 0.006a 0.026 ± 0.009a 0.002 ± 0.001a 1.87 ± 0.36a 0.05 ± 0.01a 
 M 8.96 ± 1.16a 0.17 ± 0.12a 0.06 ± 0.02a 0.102 ± 0.035b 0.009 ± 0.003a 2.36 ± 1.18a 0.14 ± 0.02a 
 O 8.65 ± 0.65a 0.06 ± 0.01a 0.07 ± 0.02a 0.109 ± 0.05b 0.01 ± 0.004b 2.38 ± 1.00a 0.13 ± 0.02a 
         
Cu_AG C 1.18 ± 0.72a nd 0.03 ± 0.01a 0.054 ± 0.037a 0.005 ± 0.003a  0.12 ± 0.04a 
 N 1.91 ± 0.31a nd 0.07 ± 0.005a 0.066 ± 0.007a 0.006 ± 0.001a  0.09 ± 0.01a 
 M 3.10 ± 0.27a nd 0.11 ± 0.03a 0.13 ± 0.03a 0.091 ± 0.002a  0.11 ± 0.01a 
 O 4.36 ± 2.28a nd 0.06 ± 0.006a 0.057 ± 0.017a 0.005 ± 0.001a  0.09 ± 0.03a 
         
Mn_S C 55 ± 12a 0.02 ± 0.01a 0.53 ± 0.11a 2.10 ± 0.07a 0.21 ± 0.01a 14.37 ± 9.79a 0.42 ± 0.08a 
 N 599 ± 26c 0.01 ± 0.004a 0.21 ± 0.07a 1.29 ± 0.58a 0.12 ± 0.06a 52.88 ± 2.88b 0.53  ± 0.10a 
 M 323 ± 117b 0.03 ± 0.03a 0.37 ± 0.02a 2.28 ± 0.37a 0.20 ± 0.04a 71.50 ± 16.21b 0.53 ± 0.08a 
 O 171 ± 54b 0.06 ± 0.002a 0.80 ± 0.26a 3.32 ± 0.11a 0.27 ± 0.01a 59.84 ± 7.94b 0.54 ± 0.07a 
         
Mn_AG C 48 ± 12 a 0.01 ± 0.003a 0.55 ± 0.12a 0.98 ± 0.20a 0.09 ± 0.01a  0.19 ± 0.06a 
 N 539 ± 15c 0.007 ± 0.000a 0.26 ± 0.09a 0.71 ± 0.25a 0.07 ± 0.02a  0.26 ± 0.01a 
 M 318 ± 126b 0.011 ± 0.001a 0.47 ± 0.08a 1.55 ± 0.14a 0.15 ± 0.01a  0.39 ± 0.08a 
 O 137 ± 61b 0.013 ± 0.003a 0.48 ± 0.09a 1.49 ± 0.24a 0.12 ± 0.02a  0.29 ± 0.08a 
         
Ni_S C 4.3 ± 1.20a 0.14 ± 0.03a 0.016 ± 0.006a 0.069 ± 0.02 0.0061 ± 0.001a 2.70 ± 0.61a 0.25 ± 0.06a 
 N 16.6 ± 5.7b 0.07 ± 0.01a 0.054 ± 0.011a 0.065 ± 0.005 0.006 ± 0.0005a 10.5 ± 4.98b 0.12 ± 0.01a 
 M 19.0 ± 3.9b 0.15 ± 0.05a 0.053 ± 0.005a 0.118 ± 0.019 0.011 ± 0.001a 9.09 ± 0.43b 0.21 ± 0.01a 
 O 14.5 ± 1.1b 0.13 ± 0.03a 0.058 ± 0.012a 0.106 ± 0.016 0.01 ± 0.001a 10.81 ± 2.31b 0.18 ± 0.01a 
         
Ni_ AG C 5.2 ± 1.8a nd 0.019 ± 0.008a 0.053 ± 0.0079a 0.0049 ± 0.0007a  0.32 ± 0.09a 
 N 6.1 ± 1.2a nd 0.053 ± 0.004a 0.085 ± 0.0069a 0.008 ± 0.0007a  0.15 ± 0.00a 
 M 16.9 ± 3.3b nd 0.062 ± 0.008a 0.088 ± 0.009a 0.0085 ± 0.0008a  0.14 ± 0.01a 
 O 10.2 ± 1.2ab nd 0.059 ± 0.007a 0.083 ± 0.022a 0.008 ± 0.002a  0.14 ± 0.03a 
         
Zn_S C 8.4 ± 1.8a 2.20 ± 0.69a 0.04 ± 0.301a 0.36 ± 0.065a 0.034 ± 0.006a 06.30± 1.74a 0.20 ± 0.08a 
 N 25.7 ± 6.7ab 1.48 ± 0.48a 1.14 ± 0.115b 0.21 ± 0.029a 0.02 ± 0.003a 24.66 ± 1.91b 0.02 ± 0.00a 
 M 38.6 ± 3.9ab 2.97 ± 0.32a 0.43 ± 0.301ab 0.38 ± 0.061a 0.036 ± 0.005a 25.34 ± 2.51b 0.19 ± 0.07a 
 O 45.2 ± 1.4b 2.10 ± 0.87a 1.02 ± 0.004b 0.54 ± 0.163a 0.052 ± 0.015a 28.47 ± 1.73b 0.05 ± 0.02a 
         
Zn_AG C 2.9 ± 0.4a 0.62 ± 0.05a 0.12 ± 0.002a 0.97 ± 0.368a 0.092 ± 0.034a  0.51 ± 0.19a 
 N 17.7 ± 6.9ab 1.95 ± 0.71a 0.12 ± 0.036a 016 ± 0.017a 0.016 ± 0.002a  0.16 ± 0.07a 
 M 33.0 ± 4.6b 2.58 ± 1.15a 0.90 ± 0.051b 0.29 ± 0.006a 0.027 ± 0.001a  0.03 ± 0.01a 
 O 37.5 ± 1.3b 1.42 ± 0.42a 0.99 ± 0.005b 0.54 ± 0.10a 0.052 ± 0.009a  0.05 ± 0.01a 
Pore water metal concentrations (Csol), Available metals (CaCl
2
 extractable), R= ratio of CDGT and CSOL) from western Melbourne 
(n=12) at different exposure periods (road age :years) new (N = 2-5 years), medium (M= 5-10 years) and old (O ≥ 15 years) roads. C = soil 
not exposed to vehicular emissions (control). All measurements are in mg/kg except R. AG represents after growth wheat assay experiment, 
nd= not determined 
There were no significant differences for CaCl2 extracted metals or pore water metals for all 
soils tested (Table 4.2); however CaCl2 extractable metals for soil Mn, Ni and Zn showed a 
trend with age of the roads (N< M & O). Cadmium and Cu did not show any such trend with 
the age of contamination. In contrast, soil-AG Cu and Mn showed a similar trend with soil 
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before growing wheat soil, while Cd, Ni and Zn did not exhibit any trend.  Soil pore water 
Mn concentrations prior to the wheat assay, showed a similar trend (N< M & O) to that with 
CaCl2 extractable metals, while soil pore water concentrations for Cd, Cu, Ni and Zn showed 
no trend with road age. Copper and Ni concentrations in pore water from soil-AG were too 
low to be detected in the elutes (>0.010 µg l
-1
). 
4.3.3 Wheat uptake results, comparisons between bioavailability assays 
Wheat uptake of metals showed significant correlation (P<0.1) with total soil metal 
concentrations of Cd, Ni and Zn in soil and also the CaCl2 extractable Cu concentrations in 
soil (Table 4.3). RDIFF of Mn and Ni also showed significant correlations with wheat metal 
concentration. Soil pH was significantly correlated to Zn and Ni concentrations in plants 
(Table 4.3). pH was also closely related to the metal dissociation time (Tc) from solid to 
liquid phase values for Cd and Zn. Soil TOC did not show any correlations with Cd, Cu or 
Ni, but did show significant correlations with soil Mn for RDIFF (r=-0.530, P=0.008) and CSOL 
(r=0.671, P=0.001) and soil Zn for CDGT (r=0.450, P=0.027), CE (r=0.833, P=0.0010 soil 
concentrations). 
 Both the CDGT and CE of all the metals studied showed significant correlations (P<0.05) with 
each other. CSOL also showed correlations with plant uptake for Cd, Cu, and Ni. The amount 
of the depletion of metals in soil over the experiment DGT deployment, indicated as a ratio R 
(CDGT/CSOL), was closely correlated to CaCl2 extractable metals concentrations for Cd (r=0.5, 
P<0.05) and Ni (r=0.486, P<0.05) (Table 4.3). 
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Table 4.3 Pearson correlations (r) between the soil properties recorded in roadside soil 
samples. Soils were measured prior to the wheat pot trial. Values of significance are bolded 
in black. 
Metal Variable CDGT CSOL R  Wheat Soil RDIFF CE CaCl2 pH TOC 
Cd CSOL 0.536
* 1         
 R 0.269 -0.272 1        
 Wheat 0.266 0.021 0.366 1       
 Soil 0.408 0.546* -0.269 0.483* 1      
 RDIFF -0.221 0.061 -0.101 0.262 -0.036 1     
 CE 0.999
*** 0.547* 0.265 0.248 0.393 -0.239 1    
 CaCl2 0.218 -0.464 0.479
* 0.097 -0.342 -0.252 0.210 1   
 pH 0.058 0.256 -0.575* 0.222 0.572* 0.065 0.037 -0.201 1  
 TOC 0.182 0.234 -0.138 -0.438 0.012 -0.213 0.201 -0.094 -0.205 1 
 TC -0.226 0.103 -0.254 0.320 0.581
** 0.279 -0.249 -0.174 0.630** -0.083 
 TC-AG -0.004 -0.129 0.480 -0.279 0.025 -0.259 0.133 -0.381 0.434 -0.036 
            
Cu CSOL 0.903
*** 1         
 R 0.660** 0.333 1        
 Wheat -0.441 -0.528* -0.098 1       
 Soil 0.127 0.300 -0.211 0.258 1      
 RDIFF 0.297 0.110 0.541* 0.116 0.081 1     
 CE 0.999
*** 0.912*** 0.646** -0.465 0.132 0.263 1    
 CaCl2 0.424 0.572 0.032 -0.582
* 0.251 -0.205 0.448* 1   
 pH -0.216 0.104 -0.635** 0.114 0.514* -0.122 -0.218 0.037 1  
 TOC 0.300 0.249 -0.020 -0.235 0.267 -0.160 0.313 -0.035 -0.205 1 
 TC -0.321 -0.214 -0.547* 0.115 -0.175 -0.691
** -0.318 0.013 0.362 -0.043 
 TC-AG -0.579
** -0.272 -0.690** 0.023 -0.174 -0.117 -0.572 nd -0.104 0.424 
            
Mn CSOL 0.133 1         
 R 0.308 0.069 1        
 Wheat -0.146 -0.544* -0.163 1       
 Soil -0.459 -0.464* 0.097 0.266 1      
 RDIFF -0.327 0.290 0.066 -0.661
** 0.442* 1     
 CE 0.964
*** -0.001 0.261 0.040 -0.501 -0.557* 1    
 CaCl2 0.094 0.270 0.072 0.055 -0.102 -0.202 0.128 1   
 pH -0.438 -0.591** 0.307 0.360 0.807*** 0.107 -0.374 -0.201 1  
 TOC 0.432 -0.221 -0.356 0.301 -0.263 -0.555* 0.542* -0.094 -0.205 1 
 TC 0.186 -0.152 -0.906
*** 0.133 -0.342 -0.427 0.311 -0.344 -0.252 0.701** 
 TC-AG -0.442 0.658
** -0.650** -0.393 -0.334 -0.123 -0.426 0.526* -0.386 0.247 
            
Ni CSOL 0.557
* 1         
 R 0.041 -0.593* 1        
 Wheat 0.221 0.465* -0.377 1       
 Soil 0.483* 0.672** -0.289 0.750*** 1      
 RDIFF 0.293 0.482
* 0.334 0.426 0.658** 1     
 CE 0.994
*** 0.520* 0.014 0.186 0.421 0.193 1    
 CaCl2 0.324 -0.028 0.486
* -0.330 0.135 0.183 0.300 1   
 pH -0.153 0.446 -0.728** 0.632** 0.523* 0.299 -0.189 -0.521* 1  
 TOC 0.372 0.300 0.102 -0.156 -0.014 0.099 0.384 0.262 -0.205 1 
 TC -0.205 0.503 -0.795*** 0.198 0.314 -0.203 -0.194 -0.452 0.661** -0.038 
 TC-AG 0.312 -0.241 -0.545* 0.213 0.251 -0.189 -0.209 -0.157 0.356 -0.185 
            
Zn CSOL 0.144 1         
 R -0.102 -0.972*** 1        
 Wheat 0.128 0.485* -0.456 1       
 Soil 0.429 0.313 -0.325 0.833*** 1      
 RDIFF -0.030 -0.030 -0.047 0.035 -0.030 1     
 CE 0.999
*** 0.150 -0.104 0.126 0.430 -0.077 1    
 CaCl2 -0.083 -0.325 0.302 0.068 0.024 -0.266 -0.074 1   
 pH -0.477 0.554* -0.605** 0.589** 0.271 0.265 -0.486* -0.214 1  
 TOC 0.822*** 0.421 -0.343 0.350 0.499* -0.230 0.833*** -0.086 -0.205 1 
 TC -0.569
* 0.456 -0.530* 0.284 -0.060 -0.058 -0.566* 0.023 0.807*** -.332 
 TC-AG -0.252 0.626
** -0.462 0.410 0.565* -0.357 -0.241 -0.019 -0.159 -.037 
*** Correlation is significant at the 0.01 level (2-tailed),** Correlation is significant at the 0.05 level (2-tailed),* Correlation is significant at 
the 0.1 level (2-tailed),
 
Wheat = metal concentrations in wheat shoots, Soil= total metal concentration in soil, R= (CDGT/CSOL) 
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Calcium chloride extractable Cu showed significant correlations with CE, CSOL and wheat Cu 
concentrations.  pH exhibited a strong relationship with soil metal concentrations for Cd 
(r=0.572, P<0.05), Cu (r=0.514, P<0.05), Mn (r=0.807, P<0.01) and Ni (r=0.523, P<0.05) 
(Table 5.3). The concentrations of metals trapped in CDGT showed significant correlations 
with Cd (r=0.536, P<0.05), Cu (r=0.903, P<0.01), Ni (r=0.557, P<0.05) pore water metal 
concentrations (CSOL) and Ni soil total metal concentrations (r=0.483, P<0.05). Zinc CDGT 
was significantly correlated to the Tc for Zn (r=-0.509, P<0.05) and soil organic carbon 
(r=0.807, P<0.001) (Table 4.3). Interestingly, Ni concentration in wheat (r=0.573, P<0.05), 
Ni in soil solution/ CSOL (r=0.672, P<0.01) and Ni trapped by DGT (r=483, P<0.05) were all 
correlated to the total Ni concentrations in soil (Table 4.3). 
Optimised linear models for the relationships between metal concentrations in wheat, CE, 
CSOL, CaCl2 and Tc in roadside soil and soil chemical and physical properties demonstrated 
the best correlations for  Ni and Cu (r=0.998) followed by Mn and Zn (Table 4.4). As per the 
linear correlations, Mn wheat concentrations, CE and Tc were all dependent on soil total 
organic carbon. Tc values strongly correlated to soil pH for Cd, Ni and Zn. However Mn and 
Cu did not show such correlation with pH. 
4.3.4 Metal aging effect in soil and dissociation time of the metal (Tc)  
The time for the dissociation of metals from the solid liquid interface (Tc) was examined with 
respect to the effect of road age (soil exposure to vehicular emitted metal contamination) on 
metal dissociation in soil (Figure 4.3 and 4.4). A significant negative linear correlation was 
found between Tc and the following soil metal concentrations:  Cd (R
2
 = 0.456), Cu (R
2
 = 
0.560) (Figure 4.3) and Zn (R
2
 = 0.578) (Figure 4.4). In contrast, the Tc of Mn increased 
significantly with the length of time for contamination (R
2
= 0.617); Ni did not show any 
significant relationship between Tc and road age.  
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Once wheat plants had been grown in the soil, the relationships between Tc and road age had 
changed for all the metals studied (Figure 4.2 and 4.3) For Mn, a significant (p < 0.05) 
negative relationship was measured between soil concentration and Tc, whereas for Cu a 
positive relationship was measured between soil concentration and Tc. For Cd and Zn there 
was no significant relationship between Tc and road age after wheat plants had been grown in 
the soil.  
Table 4.4. Optimised linear models for the relationship between heavy metal concentration in 
wheat, CE, CSOL, CaCl2 and Tc (dissociation time of the metal) in roadside soil and soil 
chemical and physical properties. Models were determined by stepwise regression using list 
wise forward selection (criteria of 0.05 for entry). 
Independent variable Model R” 
Metal concentrations in wheat Cd = n/a n/a 
 Cu = n/a n/a 
 Mn (mg/kg)= 104 + 0.01 (TOC)  C%/g dry soil) - 0.9 (age) yrs - 0.08 (soil-Mn) 
mg/kg 
0.936 
 Ni  (mg/kg)= -7.78 + 0.73 (soil-Ni) mg/kg + 0.37 (soil moisture)  0.936 
 Zn (mg/kg) = 16.5 + 0.32 (soil-Zn) mg/kg - 0.12 (age) Yrs 0.931 
   
CE concentrations in soil for each metal Cd = n/a n/a 
 Cu mg/kg = - 0.072 + 2.59 (CSOL) -  0.007 (pH) + 0.019 (Wheat) mg/kg 
                     + 0.008 (TOC) C%/g dry soil) 
0.998 
 Mn mg/kg = 1.14 +0.45 (TOC) C%/g dry soil) 0.618 
 Ni mg/kg = -0.072 + 1.57 (CSOL) - 3.55 (Tc) seconds  - 0.001 (soil moisture) 0.998 
  Zn mg/kg = 0.072 + 0.131 (TOC) 0.833 
   
CSOL concentrations in soil for each 
metal 
No models were developed  
   
CaCl2 extractable metal concentrations  
in soil  
Cd = n/a  
 Cu =n/a  
 Mn = n/a  
 Ni (mg/kg) = 0.347 - 0.033 (pH)  
   
Tc of metals in soil  Cd (mg/kg)= -21339 + 3946 (pH) 0.63 
 Cu = n/a n/a 
 Mn (mg/kg) = -1325 + 585.4 (TOC) C%/g dry soil + 60.4 (soil moisture) 0.887 
 Ni (mg/kg)= -24221 + 4884 (pH) 0.661 
 Zn (mg/kg) = -2153300 + 375588 (pH) 0.807 
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Figure 4.3 The relationship between the roadside soil metal dissociation time Tc (s)  for Cd, 
Cu , Mn and the age of the adjacent roads representing soil exposure to vehicular emissions 
(years). AG represents soil after the growth of wheat in it. 
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Figure 4.4 The relationship between the roadside soil metal dissociation time Tc (s)  Ni and 
Zn  and the age of the adjacent roads representing soil exposure to vehicular emissions 
(years). AG represents soil after the growth of wheat in it. 
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4.4 Discussion 
The total metal concentrations of Cd, Cu, Mn, Ni and Zn measured in roadside soils were 
significantly higher than in the control sites (Table 4.2). This suggests vehicular emissions 
resulted in the accumulation of heavy metals in roadside soil samples in western Melbourne 
(Chapter 3.0).  The metals studied in the current chapter (i.e.  Cd, Cu, Ni and Zn) have been 
shown to be present in vehicular emissions (Pulles et al., 2012). In addition, metal 
concentrations in roadside soil increased with the age of the road for most metals studied. 
However, metals introduced recently in vehicular emissions (e.g. Mn) showed the opposite 
trend with the age of the roads. Generally, metals mainly accumulate in the surface soil; 
however they may migrate to deeper soil layers when the pollution level exceeds a certain 
extent  (Kabata-Pendias, 2010). 
4.4.1 Roadside soil metal uptake by plants and DGT 
The concentration of metals in wheat, which was grown in roadside soil were correlated with 
the variety of soil metal measures (Table 4.3).  Out of the five metals studied, the 
concentrations of Cd (r
 
= 0.483, P < 0.05), Ni (r = 0.75, P < 0.001), and Zn (r
 
= 0.833, P < 
0.01) in wheat were significantly correlated with the total soil concentration. In comparison, 
DGT measured metal concentrations and wheat shoot metal concentrations did not show a 
significant correlation with each other (Table 4.3). 
 Total metal concentrations measured in pore water showed correlations with DGT measured 
concentrations for Cd (r =0.536, P < 0.05), Cu (r = 0.903, P < 0.001) and Ni (r = 0.557, P < 
0.05). Similar results were previously reported for Zn by Zhang et al. (1998) and  Harper et 
al. (1998).  Previous studies have shown that the toxicity and mobility of heavy metals in 
soils depended on the total soil concentrations and also their specific chemical speciation 
(Brümmer, 1986; Rodríguez-Flores and Rodríguez-Castellón, 1982). 
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 Plant uptake of metals however, was governed by the movement of metals to the soil pore 
water (CSOL). The presence of metals in pore water is controlled by many factors but mainly 
the pH (John and Leventhal, 1995). Acidic conditions in soil favour the metals adding to soil 
as a labile fraction and also restrict the adsorption of metals ions to soil minerals or organic 
matter (Huang 2015). This enhances the available fraction of metals in soil, facilitating metal 
plant uptake. Current findings demonstrated that Cu (r = - 0.521, p<0.1), Mn (r = -0.544, P< 
0.1), Ni (r = 0.465, p<0.1) and Zn (r = 0.485, P <0.05) metal uptake by plants correlated with 
metal pore water concentrations (Table 4.3). The presence of Cu and Mn in pore water 
inhibited their metal uptake by wheat, while the presence of Ni and Zn in pore water 
facilitated Ni uptake by wheat. This could be due to the presence of less labile metals (Cu and 
Mn) in the pore water. Thus these pore waters contain both labile and colloidal metals in 
solution (Degryse et al., 2009).  
The low R values (CDGT/CSOL) determined in this research (Table 4.3) are characteristic of 
pore water concentrations that are being partially sustained by resupply from the solid phase 
(Yao et al., 2016). There are many reasons for this behaviour of metals, such as limited metal 
reservoirs, low available metals, slow Kd, or the slow desorption kinetics (Harper et al., 
1998).  Also, in the current study, the deployment time of the DGT was less than 24 hours. 
There may have been insufficient time for the establishment of a pseudo-steady state between 
the pore water and DGT metal concentrations. The R values (CDGT/CSOL) are shown in Table 
4.2. These R values indicate an increased for Cd, Cu, Ni and Zn with the age of roads but not 
for Mn. The DGT measures the labile form of metals and not colloidal forms, nor kinetically 
inert complexes (Öhlander et al., 2012).However, the total concentration in the pore water 
(CSOL) includes colloidal and inert complexes (Harper et al., 1998). With the soil total metal 
concentrations of Cd and Mn, both CSOL and R values tended to increase, whereas for Zn, 
only the CSOL increased with soil total Zn concentrations. R (CDGT/CSOL) value of Zn did not 
  
75 
 
increase with soil total Zn and this indicated that some forms of Zn in the solution are not all 
labile.  
The decrease in the R value in soil metals after the wheat assay compared prior to growing 
wheat, suggested that the soil solid phase adjacent to the DGT device was becoming depleted 
in labile metals via absorption by wheat roots (Table 4.2). The resupply of metals in CSOL in 
most cases increased while CE values generally decreased or maintained the same 
concentration after wheat growth in soil. This may be as a result of a reduction in labile metal 
concentration in the solution due to plant uptake. 
The increased metal uptake in plants could be related to the change in the pH in soil with the 
age of the road. Zinc and Ni uptake was highly correlated to soil pH. Soil pH tended to 
decrease with the age of the road (Table 4.1). This is possible as vehicular emissions contain 
sulphur and deposition of sulphur may make the soil more acidic (Maricq et al., 2002).  Zinc 
concentrations in plants grown in recorded from soil adjacent to newer aged roads were the 
lowest; this could be as a result of alkaline pH and high Mn concentration in new aged soil. 
The presence of alkaline pH could reduce metal availability and the presence of Fe/Mn 
oxides could act as sinks for Cd and Zn. The result of ligand formation would be likely to 
reduce the bioavailability of Cd and Zn. Cadmium and Zn may become bio-available to 
plants at lower pH. The alkaline pH may have reduced Mn uptake by the plants in new roads. 
Manganese uptake recorded from control sites was very high compared to roadside soils; 
perhaps this may be as a result of the acidic pH (5.7) present at control sites.  
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4.4.2 Metal aging in soil, metal dissociation time (TC) and soil kinetics 
The biological impact of heavy metals will depend on the rate of the metal dissociation 
(desorption) from the soil solid to liquid phase and its subsequent availability to the 
organisms. Two principles known to control the metal concentrations measured by DGT are 
lability and mobility (Ernstberger et al., 2005). Dissolved metal concentrations are controlled 
by the Tc, with identical profiles for both large and small Kdl (Ernstberger et al., 2002). 
The most pronounced reduction in metal solubility with road aging was observed for Mn; 
however the optimised linear models reveal possible metal age effects for both Mn and Zn 
(Table 4.4, wheat uptake). For Cd, Cu and Zn the Tc significantly decreased with the age of 
the roads (Figure 4.3 and 4.4), while Mn showed an opposite effect. Metals such as Cd, Cu, 
Ni and Zn recorded a slower rate of release than that of Mn in new aged roads and a higher 
rate of release for old age roads (Figure 4.3 and 4.4) The rapid release of metals from the soil 
solid phase is associated with weak adsorption and strong desorption properties between the 
soil and heavy metals (Rieuwerts et al., 1998). These would be influenced by soil 
physicochemical properties such as moisture, pH, ECE, EC, organic carbon etc. Optimised 
linear model analysis showed that Tc was related to soil pH for Cd, Ni and Zn (Table 4.4). 
The trend of decreasing soil pH with increasing age of roads may have increased the 
reduction of Tc for these metals (Fig 4.2). However Ernstberger et al. (2002) reported an 
absence of a clear trend with Ni Tc and pH. 
In the current study, the presence of high concentrations of Mn may control the labile metal 
pool of other metals via binding to Mn-oxides. That is, when the Tc of Mn was high the Tc of 
other metals was low (Figure 4.3). Compared to Mn, the mobility of metals such as Zn and 
Cd were higher and therefore there is the potential that these metals could leach deeper into 
the soil profile or further into groundwater. Also the binding ability of Cd with Fe-Mn oxides 
and organics is generally weaker than that observed for Cu and Zn (Maiz et al., 1997).  The 
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aging process itself is controlled by many environmental factors such as soil pH, temperature 
and moisture (Lock and Janssen, 2003).  This study provides important findings that field 
contaminated soil would have different soil kinetics which is in turn reflective of their 
physical properties. Tc could be used as an important tool in comparing the soil metal aging 
effect in soil solutions. However more replicated sample studies for Tc are recommended for 
roadside soil metal aging effects in soil before making such inferences. 
4.5 Conclusions 
The findings of the study indicated that the uptake of essential metals such as Mn and Zn by 
plants appeared to be regulated, irrespective of the contamination levels in soil. The data 
obtained before and after growth of wheat, indicated that plant growth has the potential to 
change soil kinetics. Pore water concentrations (CSOL) represent a promising prediction tool 
for metal uptake compared to the interface concentration (CDGT), effective concentration (CE) 
and CaCl2 extractable concentration for Cd, Cu, Mn, Ni and Zn plant uptake or the different 
age effects on roadside soil in this study.  
The data also indicated that the aging of metals in roadside soils may also influence the leach 
ability of some metals.  A significant difference in the aging effect was evident for different 
metals in the soil. The study also showed that the dissociation time (TC) of metal release from 
the solid to solution phase was found to be a good indicator of the soil metal aging effect. The 
results showed that Tc was pH dependent for most metals (Cd, Ni and Zn). Soil pH was 
found to be the key parameter controlling aging of metals in roadside soil.   
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5 METAL UPTAKE BY GRASS FROM ROADSIDE 
SOIL IN MELBOURNE, AUSTRALIA 
5.1 Introduction 
Roadside soil acts as a sink for vehicular derived metals. Once vehicular derived metals are 
deposited in soil they are potentially available for uptake by plants. Some of vehicular 
derived metals are essential nutrients for plant growth when they occur in the soil at low 
concentrations, but when present in greater quantities can cause metabolic anomalies 
(Ayodele and Oluyomi, 2011; Xia et al., 2011). Roadside plants mainly absorb metals via 
their roots, however uptake also occurs via the leaves and stems from atmospheric deposition 
on these surfaces (Nabulo et al., 2006; Viard et al., 2004).   
Studies have been conducted to investigate roadside plant metal uptake (Table 2.3). However 
there has been little published information on roadside plants since the banning of Pb in fuel 
and the introduction of Mn in fuel, Sb in brake pads, and platinum group elements (PGE: Pt, 
Pd and Rh) in vehicular exhaust emissions (VEC’s). 
This chapter is aimed at assessing the accumulation of metals by plants: roadside grasses 
(predominantly Stenotaphrum secundatum) and wheat (Triticum aestivum) grown in roadside 
soil, with respect to road age and multiple metal effects. The plant uptake of metals was 
compared with two soil metal extraction techniques: total metals and CaCl2 extractable 
metals.  
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5.2 Method 
Soil and grass samples were collected from roadside soils on newer volcanic soils across 
Western Melbourne representing different ages of contamination. Later, soil samples were 
used for a pot experiment with Triticum astivum under controlled conditions in the 
laboratory. 
5.2.1 Soil sampling 
The soil sampling methods for this experiment were the same as described in section 3.2.1 
except where otherwise stated. 
5.2.2 Grass sampling 
Commonly grown grass species, buffalo grass (Stenotaphrum secundatum) was collected 
from roadsides. The grass samples were collected immediately adjacent to soil samples 
described in 5.1.1. Grass shoots were collected by cutting 2cm above the soil surface using 
clean stainless steel scissors and placing them in paper bags (Figure 5.1). Each grass sample 
was oven dried at 45°C to constant weight and ground to a fine powder.  
 
 
 
 
 
 
Figure 5.1 Grass sample collection, 2cm above the soil surface using clean stainless steel 
scissors 
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5.2.3 Wheat (Triticum aestivum) assay and plant chemical analysis for 
metals 
The wheat assay technique and analytical methods for this experiment were the same as 
described in section 4.2.2. 
5.2.4 Total and CaCl2 extractable metals in soil 
The methods to determine total and CaCl2 extractable metals in soil for this experiment were 
the same as described in section 4.2.3.2. 
5.2.5 Other soil methods 
Other soil analysis for pH, effective cation exchange capacity (ECEC) and organic carbon 
(OC) was as previously described in 3.2.2.2. 
5.2.6 Statistical analysis 
Data were analysed using SPSS Statistics (IBM version 21, 2012). Total soil metal 
concentrations and CaCl2 extractable metals were analysed using descriptive statistics (mean, 
standard error). Site means with control sites were compared using one way ANOVA, 
significance was taken as P<0.05. Possible relationships between the metal of interest and 
plant metal accumulation were analysed using linear correlation test, significance was treated 
as P<0.05. 
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5.3 Results 
5.3.1 Soil  
Control site soil pH was more acidic (5.2) while soil adjacent to new roads was more alkaline 
(7.9). The control site EC was significantly lower compared to other sites (Table 4.3). The 
mean highest Cd, Pb and Zn concentrations (0.35 ± 0.07 mg/kg, 94 ± 29 mg/kg and 55 ± 15.4 
mg/kg respectively) were recorded from soil collected from the side of old roads and the 
highest mean Mn concentrations (380±72 mg/kg) were recorded from soil collected from the 
side of new roads. The roadside concentrations of Cd, Mn, Pb and Zn in soil significantly 
differed to the concentrations in the control site soil (Table 5.1).  
The soluble metals in the roadside soil were established using CaCl2 extractions (Table 5.1). 
There was no significant difference between CaCl2 extractable metal concentrations among 
the sites except for Pb.  
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Table 5.1 Metal concentrations (mg/kg) measured in roadside soil from Melbourne, Australia. 
Values are means ± standard error. Within columns, values with the same lower case letter 
are not significantly different (P>0.05). 
  Cd Cr Cu  Ni Mn Pb Sb Zn 
Soil total metals 
         
C 0.06 ± 0.2a 19 ± 0.2a 3.9 ± 1.9a 4 ± 2.2a 54 ± 12a 16.9 ± 3.8a 5.51±1.44 8 ± 1.8a 
N 0.17 ± 0.04a 23 ± 2.3a 5.58 ± 1.1a 12 ± 1.8ab 380 ± 72bc 16.5 ± 1.6a 3.24±0.09 16 ± 3.2a 
M 0.11 ± 0.01a 27 ± 1.3a 9 .3± 1.1b 14 ± 1.8bc 275 ± 39bc 28.0 ± 4.4a 2.82±0.04 31 ± 4.6ab 
O 0.35 ± 0.07b 23 ± 1.9a 9.4 ± 1.1b 15 ± 1.6bc 167 ± 25ab 94.5 ± 29b 3.11±0.11 55 ± 15.4b 
      
Soil CaCl2 extractable metals 
         
 C  0.02 ± .013a        n/d 0.03 ± .006a 0.14 ± 0.02b 0.01 ± 0.005a 0.02 ± 0.002a 0.06±0.01 0.2 ± 0.8a 
N 0.02 ± 0.002a          n/d 0.07 ± 0.01a 0.06 ± 0.006a 0.012 ± 0.002a 0.02 ± 0.007a 0.025±0.001 0.17 ± 8.1a 
M 0.03 ± 0.03a        n/d 0.10 ± 0.04a 0.08 ± 0.02ab 0.007 ± 0.001a 0.03 ± 0.007ab 0.02±0.002 0.17 ± 5.8a 
O 0.06 ± 0.013a          n/d 0.09 ± 0.01a 0.11 ± 0.01b 0.01 ± 0.002a 0.06 ± 0.017ab 0.02±0.007 0.6 ± 2.8a 
            
Different exposure periods (road age : years) new (N = 2-5 years), medium (M= 5-10 years) and old (O ≥ 15 years) roads. 
 C = soil not exposed to vehicular emissions (control). 
 
5.3.2 Field Stenotaphrum secundatum responses 
Metal concentrations in roadside grass shoots are shown in Figure 5.2. Statistically significant 
(P < 0.05) enrichment in the mean Mn concentration in grass shoots was observed in control 
sites compared to from soil adjacent to roadsides. Moreover, grass shoots’ metal 
concentrations were higher in old roads for many metals including Cu, Pb, Sb and Zn in 
comparison to other roadside sites. Marginally significant accumulations of Cu (P =0.06) 
grass shoots were collected from old aged roadsides was recorded. However there was no 
significant accumulation of metal concentrations in grass shoots for Cd (P=0.24), Cr 
(P=0.73),   Ni (P=0.63), Pb (P=0.50), Sb (P=0.76) and Zn (P=0.68). No statistically 
significant statistical trend of accumulation of metals with road age in grass shoots was 
found. 
 
  
83 
 
M
et
al
 
co
n
ce
n
tr
at
io
n
s 
in
 
S
te
n
o
ta
p
h
ru
m
 
se
cu
n
d
a
tu
m
 
sh
o
o
t 
(m
g
/k
g
 d
ry
 w
ei
g
h
t)
 
 
 
Figure 5.2 Mean (± standard error) metal concentrations in Stenotaphrum secundatum shoots 
(mg/kg) dry weight collected from roadside soil in western Melbourne, Australia.  
 
 
 
 
 
 
 
 
 
 
 
 
Sample site 
P>0.05 P>0.05 
P>0.05 P>0.05 P<0.05 
P>0.05 P>0.05 P>0.05 
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Figure 5.3 Relationships between total soil metal concentrations and Stenotaphrum 
secundatum shoots (dry weight) metal concentrations of Cd, Cr, Cu, Mn for grass harvested 
from roadside soils in western Melbourne, Australia. 
 
 
 
 
 
 
Log10 soil total metal concentration (mg/kg) 
 
L
o
g
1
0
 m
et
al
 c
o
n
ce
n
tr
at
io
n
 i
n
 S
te
n
o
ta
p
h
ru
m
 s
ec
u
n
d
a
tu
m
 
sh
o
o
ts
 (
m
g
/k
g
 d
ry
 w
ei
g
h
t)
 
 
  
85 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Relationship between soil metal concentrations and Stenotaphrum secundatum 
shoots metal concentrations for Ni, Pb, Sb and Zn. 
 
5.3.3 Relationships between total metal concentration in soil and metal 
concentrations in roadside grass 
In general, poor correlations were observed between grass metal concentrations and the 
associated concentration in roadside soils (Figure 5.3 and Figure 5.4). However for Cr the 
relationship was significant (P=0.05). None of the other metals demonstrated any significant 
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relationship between total metal concentration in soil and roadside grown grass metal 
concentrations.    
5.3.4 Wheat responses 
There were no significant differences (p>0.05) in yield for wheat in the bioassay between any 
of the roadside sites types for both fresh weight and dry weight (Figure 5.5).  
 
 
 
 
 
 
 
 
Figure 5.5 Triticum astivum yield (mean ± standard error) for fresh and dry weight (g). 
Where sites where new (N), medium (M), old (O) aged roads and control (C) site. 
 
In comparison, the results from the visual recordings indicated that the different road age 
soils noticeable effects on the plants grown on them. The Triiticum aestivum grown in the 
roadside soils from different road ages showed visible signs of stress compared to the control 
soils including chlorosis and necrosis (Figure 5.6). The most severe stress observed in wheat 
grown in old aged roadside soil. 
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Figure 5.6 Visual observation of Triticum aestivum grown in roadside soil under controlled 
environmental conditions. Where control (C ) site and  New (N), medium (M)  and old (O) 
aged roads. 
 
5.3.5 Triticum aestivum  bioassay 
Nickel (P=0.049) and Cu (P=0.02) uptake by wheat from the roadside soil were significantly 
different to uptake in control sites (Figure 5.7). Lead accumulation in wheat shoots was 
almost consistent among all sites. None of the other metals showed any significant difference 
in accumulation of roadside metals in wheat when comparing soils from beside roads of 
differing ages. 
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Figure 5.7Mean metal concentrations in Triticum aestivum shoots (mg/kg) dry weight grown 
in roadside soil. Error bar represents the ± standard error. Where site new (N), medium (M), 
old (O) aged roads and control (C). 
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Figure 5.8 Relationship between soils metals and Triticum aestivum shoot metal 
concentrations Cd, Cr, Cu, and Mn. 
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Figure 5.9 Relationship between soils metal concentrations and Triticum aestivum shoot 
metal concentrations for Ni, Pb, Sb and Zn. 
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5.3.6 Relationships between total metal concentration in soil and metal 
concentrations in wheat  
Wheat shoot metal concentrations (dry weight) and soil metal concentration showed 
significant linear correlations with Mn for (P=0.036), Sb (P=0.028) and Zn (P=0.001). Best 
linear correlation found was for Zn concentrations in T. aestivum shoots and soil total Zn 
concentrations (R
2
=0.316). Manganese concentrations in plant tissues decreased with 
increasing total Mn concentration in roadside soils. Copper, Ni, Sb and Zn showed the 
opposite trend. 
Table 5.2 Linear relationships between S. secundatum/T. aestivum shoot (dry weight) CaCl2 
extractable metal concentrations. Some parameters (as indicated in the table) were log10 
transformed to improve correlations. The significant R
2
 values are highlighted in bold. 
Plant shoot (g) Metal Equation R2 P 
Grass (dry weight) Cd Dry weight =-0.129 x log10 Cd(CaCl2)-0.165 0.028 0.377 
 Cr n/d n/d  
 Cu log10 Dry  weight= 0.04 x  log10 Cu (CaCl2) + 0.596 0.021 0.638 
 Ni log10 Dry weight= 0.16 x  Ni (CaCl2) + 0.511 0.01 0.594 
 Mn log10Dry weight = -236.55 x  log10 Man(CaCl2) + 52.61  0.016 0.501 
 Pb log10 Dry weight = 0.984 x  log10 Pb (CaCl2) + 0.88 0.139 0.042
* 
 Sb log10 Dry weight = 0.12 x Sb (CaCl2) -0.41 0.001 0.87 
 Zn Dry weight = -1.69 x Zn (CaCl2) + 31.77 0.015 0.524 
     
Wheat (dry weight) Cd Dry weight = -0.902 x log10 Cd (CaCl2) + 30.48 0.005 0.723 
 Cr n/d n/d  
 Cu log10 Dry  weight = 0.176 x log10Cr(CaCl2) + 0.01 0.064 0.427 
 Ni Dry weight =-1.31x Ni (CaCl2) +1.85 0.022 0.438 
 Mn Dry weight = 2.63 x Log10 Mn (CaCl2) + 15.09  0.048 0.244 
 Pb log10 Dry weight = 0.12 x log10 Pb (CaCl2) + 0.51 0.07 0.159 
 Sb log10 Dry weight = 0.114 x log10Sb (CaCl2) +0.203 0.203 0.013
** 
  Zn log10 Dry weight = 0.216 x  log10 Zn (CaCl2) +1.53 0.216 0.011
** 
Dry weight= plant shoots dry weight, CaCl
2
= CaCl
2
 extractable metals,  n/d=not determined 
Neither measure of soil metal concentrations (total nor CaCl2 extractable) gave high 
correlations with shoot concentrations.  Thus the highest significant correlation for total 
metals in soil was 37.5% (Cr, Mn, Sb and Zn) (Fig 5.8 and 5.9) and the highest significant 
relationship for CaCl2 extractable metals was aproximately 18% (Pb, Sb and Zn) (Table 5.2).  
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Thus while neither soil assay is a good indicator of plant uptake or bioavailable metals, it 
appears that total metal concentrations can be better predictors of shoot metal concentration 
than CaCl2 in soils with aged and mixed metals such as the roadside soil in the current 
experiment. 
5.4 Discussion  
5.4.1 Metals in shoots of roadside grass and wheat 
Metals (Cd, Cr, Cu, Mn, Ni, Pb, and Zn) were found to be accumulated in Melbourne 
roadside soil compared to control soils (Figure 3.3 and 3.4, Table 5.1). The presences of these 
metals were investigated in S. secundatum and T. astivum shoots. Stenotaphrum secundatum 
growing on roadside soil was able to accumulate metals in their shoots. Lead concentrations 
in shoots of roadside S. secundatum were considerably elevated compared with control 
samples (Figure 5.2). In contrast, Stenotaphrum secundatum shoots taken next to the 
roadsides indicated lower concentrations of Cu, Mn and Ni compared to the control sites. 
This could occur due to the Stenotaphrum secundatum having different exposure times to the 
metals as the field collected grasses may have been growing for longer than the laboratory 
grown grass.   It could also be as a result of species differences in metal absorption. 
The growth chamber experiment using T. aestivum was all exposed to the soils for the same 
time interval during the wheat bioassay experiment. The highest Mn uptake was recorded 
from the control site soil grown T. aestivum. The high absorption of Mn in control sites could 
be due to the low pH (5.2) at these sites which would have favoured Mn availability in soil 
(Mickelbart et al., 2012). 
Lead concentrations recorded for T. aestivum grown in roadside and control soils did not 
differ significantly from each other. The accumulation of Cu in T. aestivum shoots was lower 
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than S. secundatum samples, but was higher for Cr. This may be as a result of a longer 
exposure period in road Stenotaphrum secundatu, or as a result of different plant species 
having differential absorption of metals. Metal accumulation in plants is also easily 
influenced by other characteristics such as wet/dry periods and climate (Othman et al., 1997). 
In comparison, other studies around the world have recorded concentrations of metals in 
roadside plants that could be of significant risk (Section 2.1.10, Figure 2.6). Plant related 
studies have reported concentrations of Pb  (863 mg/kg)  and Cd (2.9 mg/kg) in plant material 
from the UK (Muskett and Jones, 1980); Ni (23.4 mg/kg),  Cr (38.6 mg/kg), Cu (75 mg/kg), 
Mn (286 mg/kg), Sb (798.1 mg/kg) in plant material from Nigeria (Olajire and Ayodele, 
1997); Zn (729 mg/kg) from Australian plants (Pratt and Lottermoser, 2007). 
5.4.2 Metals and plant responses 
Over the course of the wheat assay experiment the symptoms of discoloration and leaf 
chlorosis were observed in plants (Figure 5.6) that were suggestive of metal toxicity. The 
stress symptoms of T. aestivum grown in old aged roadside soil were more severe than plants 
exposed to new aged roads and control sites. Plants grown in soil collected from adjacent to 
old roads tended to contain higher concentrations of metals like Cd, Cu, and Zn which were 
persistently present in vehicular emissions over a period of time. This could be the reason for 
the observed  intervenial chlorosis which is commonly linked to Cu toxicity  (Reichman, 
2002) and Ni toxicity  (Molas and Baran, 2004). However, due to the presence of combined 
metals, other unmeasured potential contaminants and other soil properties may also have 
contributed to observed plant stress symptoms.  
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5.4.3 Metal-plant bioavailability relationships 
The metals in roadside soil, particularly Mn (P=0.04), Sb (P=0.0.3) and Zn (P=0.001) (Figure 
5.2) were readily bioavailable to the plant shoots of Triticum aestivum. Antimony (P=0.013) 
and Zn (P=0.011) showed significant correlations between CaCl2 extractable metals and their 
metal uptake by Triticum astivum (Table 5.2). These correlations indicated potential presence 
of these metals in soluble form in roadside soil. Therefore, taking both Stenotaphrum 
secundatum and Triticum astivum   metal correlations, the vehicular emitted metals of such in 
the roadside soils is potentially bio available, especially metals of Cr, Mn, Pb, Sb and Zn. 
However, in general, roadside total soil metal concentrations were a better predictor of the 
Stenotaphrum secundatum and Triticum astivum   metal concentrations. 
The relationships in this chapter were based on CaCl2 extractable metals and total metals in 
soil. There may be soil metal assays which better represent the bioavailable metal fraction in 
soil. However, soil metal plant uptake is a dynamic process and extractable metals do not 
indicate these essential soil dynamics but only a portion of it at the time of metal extract. The 
extractable portion of metals is unable to differentiate the complex soil dynamics. 
The metals derived from vehicular emission transfer to the ecosystem functioning over time. 
The current investigation demonstrated the potential of accumulation of vehicular derived 
metals in roadside Stenotaphrum secundatum and Triticum astivum. Roadside may represent 
grass biomass (Khan et al., 2011) representing food sources of animals  (Awofolu, 2005) and 
has the potential risk of transferring heavy metals to the food chain.  The results of this study 
are a useful indicator for understanding how the metal accumulations in roadside soils and 
grasses owning to traffic activities are influenced by roadside attributes, which is helpful in 
making policies for avoiding metal contaminants in agricultural and other areas. 
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5.5 Conclusion 
 Study of metal uptake by Stenotaphrum secundatum and Triticum aestivum in Western 
Melbourne roadside soil indicated the ability of these species to accumulate metals in above 
ground tissues. In summary, comparison to total metals in soil and plant uptake in both grass 
species studied showed Cr, Cu, Ni, Sb and Zn accumulated significantly in plant shoots.  The 
presence of metals in old roads has the potential to cause stress in Triticum aestivum.   
Manganese uptake seems to be regulated by the soil pH. However, due to the dynamic nature 
of soil and chronic addition of metals to the roadside environment, a clear trend with age of 
the roads’ metal contamination and metal uptake by plants was not found in this study.  
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6 EFFECTS OF VEHICULAR EMISSIONS ON 
Folsomia candida: METAL ACCUMULATION, 
SURVIVAL AND GROWTH 
6.1 Introduction 
In ecological risk assessments a thorough understanding of metal bioavailability-related soil 
properties and any associated toxicity is important (Luo et al., 2014).  Most toxicity data used 
in ecological assessments is derived from freshly metal-spiked soil. However, in reality, most 
contaminated field soils have been contaminated for longer periods of time than 
experimentally spiked soils (years compared with days or weeks) and are contaminated with 
mixtures of multiple chemicals (Bur et al., 2012). Recently added metals are known to be 
more bioavailable, thus increasing the toxicity potential (Chapman et al., 2013). Therefore, 
the use of metal-spiked soils could over-estimate the true tolerance of species to heavy metals 
(Chapman et al., 2013; Efroymson et al., 1997).  
The collembolan (Folsomia candida) was chosen to study the effects of heavy metal and 
petrogenic hydrocarbons (total petroleum hydrocarbons (TPH) and polycyclic aromatic 
hydrocarbons (PAH)) in roadside soils. The organisms feed on fungi and organic matter and 
are good bioindicators of pollution (Bur et al., 2012; van Straalen and Denneman, 1989). 
Among the Collembola, F. candida is a parthenogenic, eyeless, unpigmented animal, varying 
in size from 1.5 – 3 mm. Due to the low expenditure associated with their use, together with 
short development periods, high reproductive rates and pH tolerance, F. candida are popular 
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as test animals in ecotoxicological research (Chapman et al., 2013; Jänsch et al., 2005; 
Nursita et al., 2004). 
A number of studies have reported the effects of individual metals in freshly-spiked soils on 
F. candida, but few studies have looked at field-contaminated soils containing mixtures of 
metals and petroleum hydrocarbons, such as roadside soils (Section 2.5.3.1). The current 
chapter will assess the effects of roadside soils exposed to vehicular emissions on the 
survival, growth and bioaccumulation of metals in F. candida.  Further insight will be 
provided into the effects of soil characteristics of combined metals, CaCl2 extractable metals, 
and metal aging in soil on F. candida survival, growth and metal accumulation. This is the 
first documentation of such a study in ecotoxicity studies investigating roadside contaminated 
soil. 
6.2 Methods 
6.2.1 Culture of Folsomia candida 
The establishment of F. candida (springtail) cultures was made according to OECD 
guidelines (OECD 2009). F. candida, sourced from Federation University Australia, was 
cultured in polypropylene plastic vessels (75 ml) with plaster of Paris containing 10% 
charcoal in the base (Figure 6.1). Cultures were placed in a controlled environment chamber 
with a light/dark cycle of 12/12 h, and under constant light of 600-800 lux.  Juveniles of 
similar age and development (10-12 days) were obtained for the experiment by hatching the 
eggs in isolation from adults and feeding the juveniles with dried baker’s yeast weekly (1g 
per vessel per week).  
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Figure 6.1 Experimental set up for Folsomia candida (not to scale) 
 
6.2.2 Soil sampling 
Roadside soil samples were collected from Western Melbourne freeways, highways and 
arterial roads exposed to traffic (between 5000 and 15000 vehicles/day) representing 3 
different road ages i.e. new (N = 2-5 y), medium (M = 10-15 y) and old (O ≥ 30 y). There 
were nine replicates of each road type covering a full range of traffic densities. Control sites 
in parklands (3 replicates, > 500 m away from roads) were also sampled. The soil sampling 
methods for this experiment were the same as for those described in Section 2.2.1 except 
where otherwise stated. 
6.2.3 Folsomia candida exposure method and analysis 
Aliquots of air dried soil (10 g) were added to polypropylene plastic vessels (75 ml). The 
samples were oven dried (45 °C) for 24 hours and frozen (-20 °C) for 6 weeks to eliminate 
any undesirable soil biota that could contaminate or confound the experiment. Soil was 
allowed to defrost to room temperature and then moistened with ultra pure (18 MΩ cm-1) 
water to field capacity (-33 kPa) and left for 24 h to equilibrate. The soil was flattened to sit 
at a 45° angle to ensure F. candida juveniles had access to a range of moisture conditions 
within each vessel (Figure 6.1). A substrate control (C_s) composed of plaster of Paris with 
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10% charcoal but no soil was also included.  Five replicates of each roadside soil samples and 
the substrate control were prepared. 
At the start of the experiment, 20 juveniles (10-12 days old) were transferred into each vessel 
with the aid of a toothpick. The test animals were fed 1g of yeast at the start of the 
experiment and then every 2 weeks for the duration for the experiment. The vessels were 
incubated in a growth chamber at a constant 20 °C, with alternating light and dark cycles of 
12/12 hours. Every three days the vessels were opened, aerated and the moisture content 
checked by weighing. Moisture was replenished with ultrapure water as required. The test 
vessels were positioned randomly in the incubator at the start of the experiment and re-
randomized every three days after the vessels were aerated and remoistened.  
On day 28, the vessels were sacrificed to determine springtail survival and metal 
accumulation. Vessels were placed in a refrigerator for 2 min to immobilise the F. candida 
before adding enough ultrapure water to flood each vessel. Each vessel was then stirred 
carefully to let the F. candida float. The adults in each vessel were counted and extracted into 
a 10 ml centrifuged tube using a toothpick. Folsomia candida was recorded as dead if not 
present in the surface water. The extraction and counting method used was validated prior to 
the test counting. The validity counting trial test confirmed an extraction efficiency of 
juveniles greater than 95 % (data not presented).  
Extracted F. candida were left in the freezer for 2 hours, later they were carefully rinsed with 
ultrapure water to clean off any surface soil particles. Samples were freeze-dried and kept in a 
desiccator (21 °C) until further analysis. Freeze dried samples were weighed and samples 
were pooled into individual samples representing  new, medium and old road ages  to ensure 
a high enough tissue mass for metal analysis. The pooled F. candida collembolan samples 
were acid digested (1 ml HNO3, 70 %, Sigma Aldrich analytical grade) together with 
hydrogen peroxide (0.2 ml, 30 % w/w in water, Sigma Aldrich) in a digestion block at 115 
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°C. Digested samples were diluted with 2 % HNO3 and analysed for metals using Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS: Agilent Technologies 7700 x Analyser).  
6.2.4 Total soil metal extraction 
Soil metal analysis was undertaken before the experiment using method as described in 
Section 3.2.2.1. 
6.2.5 CaCl2 extraction of soluble metals in soil 
Soil metal analysis using CaCl2 extraction was carried out as per previously described in 
Section 4.2.3.2. 
6.2.6 Analysis of PAH and TPH in soil samples 
Prior to the introduction of F. candida to the soil, an aliquot of the air dried soil sample was 
analysed for soil PAH.  Hydrocarbons in soil were extracted with hexane in Teflon tubes as 
described by Mansur et al. (2014). Air dried soil (10 g) and hexane (15 ml) were subjected to 
agitation (130 rpm) for 20 min, after which the tubes were sonicated for a further 30 min 
before centrifugation (5000 rpm) for 5 min. The resultant supernatant was transferred to 
chromatographic vials (2 ml) and analysed using gas chromatography-mass spectrometry 
(GC-MS). An Aglient 6890GC was used with a capillary column: length 30 m, diameter 250 
µm, film thickness 0.25 µm. Helium was used as a carrier gas, with a column temperature of 
325 °C (Mansur et al 2014).  Similarly soil TPH (C10-C40) concentrations were analysed as 
previously described according to the International Standard Organisation (ISO/DIS GC 
method 2009) (Makadia et al 2011).  
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6.2.7 Other soil methods 
Prior to the experiment, other soil analysis for pH, effective cation exchange capacity 
(ECEC) and organic carbon (OC) was carried out as previously described in Section 3.2.2.2. 
After completion of the experiment the pH of the soil solution was also recorded 
6.2.8 Calculation of Pollution Load index (PLI) 
Pollution load index by metals for each site (new, medium and old roads) was evaluated 
using the following equation developed by Tomlinson et al., (1980). 
PLI = (CF1xCF2xCF3x.......CFn)1/n  (Godwin et al., 2015) 
Where: n = number of metals 
Contamination factor (CF) = Metal concentration in sediment/Background 
concentration of the metal. Control site metal concentrations were used as the 
background concentrations. 
PLI > 1 is conciderd as polluted (Chakravarty and Patgiri (2009). 
6.2.9 Statistical analysis 
Data were analysed using SPSS Statistics (IBM version 21, 2012). Total soil metal 
concentrations were analysed using descriptive statistics (mean, standard error). Site means 
with control sites were compared, using one way ANOVA, where significance was taken as 
P<0.05. Possible relationships between the metal and other physicochemical parameters were 
analysed using 2-tailed Pearson correlation test with significance taken as P<0.05.  
Due to the pooling of F. candida samples for metal analysis (Section 6.2.3) there were no 
replicates available for metal concentrations in F. candida in this experiment and thus no 
statistics undertaken on this data.  The data is presented as a qualitative assessment only.  
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6.3 Results 
6.3.1 Soil physico-chemical properties 
The highest PAH concentration in soil was recorded from the roadside soil representing the 
oldest aged soil (408 ± 156 mg/l) which was significantly higher than that detected in 
roadside soil representing medium aged roadside soil (134 ± 77 mg/l). The concentrations of 
TPH were similar among all the sampling sites (421 ± 1.1 – 427 ± 2.6 mg/l) (Table 6.1). All 
the other soil properties were as previously described in Chapter 4 and 5. 
The Pollution Load Index (PLI) for metals was calculated for new, medium and old aged 
roads (Table 6.2). All three road types showed evidence of pollution with metals as the PLI 
>1(Chakravarty and Patgiri (2009). The highest PLI was recorded for the old aged roads (PLI 
= 2.23) followed by medium aged roads (PLI = 1.74). New aged roads (PLI = 1.58) were the 
least polluted.  
 
Table 6.1 PAH and TPH concentrations (mg/kg) measured in roadside soils 
Site PAH TPH 
   
C 181 ± 77ab 423 ± 2.7a 
N 217 ± 70ab 421 ± 1.1a 
M 134 ± 22a 426 ± 2.6a 
O 408 ± 156b 427 ± 2.6a 
   Values ± represents the standard error. Abbreviations used as: C = control site, N = New aged roads (N = 2-5 years), M = Medium aged 
roads (M= 10-15 years), O = Old aged roads(O ≥ 30 years), Lower case letters signify statistical significance such that within a column 
numbers with different letters are significantly different (P<0.05). 
 
Table 6.2 Pollution Load Index (PLI) for roadside soil sites 
Site type PLI 
 
New aged roads (N) 1.58 
Medium aged roads (M) 1.74 
Old aged roads (O) 2.23 
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6.3.2 Folsomia candida survival and growth 
Survival of F. candida was greatest in the substrate control site (C_s) (82 ± 6%) followed by 
the new roadside soil (60.2 ± 6.9%), and the control site (51 ± 0.57 %). Lowest survival of F. 
candida was recorded from medium and old aged roadside soil (35 ± 11%). However 
survivals were not found to be significantly different between the site types (Figure 6.2). Out 
of many different metals studied only total Cu in soil was found to significantly reduce the 
survival of F candida species (r=-0.941, P<0.05) (Table 6.2). 
The best growth (dry weight biomass) of F. candida was recorded in soil from beside the 
newest roads (0.095 ± 0.04 µg/individual) and was significantly greater (P<0.05) than all the 
other tested sites (Figure 6.2). The old and medium aged roadside soil supported minimal F. 
candida growth, and were less than all other sites (medium =0.007 ± 0.002 µg/individual and 
old = 0.011 ± 0.005 µg/individual. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 6.2 Folsomia candida survival after 28 day exposure to roadside soil collected from 
western Melbourne, Australia (values are mean ± standard error, n=3). Different letters 
indicate site locations: new age roadside soil (N = 2-5 yrs), medium aged roadside soil (M= 
10-15 yrs), old aged road side soil (O ≥ 30 yrs), C = control soil from a site not directly 
exposed to vehicular emissions, C_s = substrate control with no soil. P<0.05 
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Figure 6.3 Folsomia candida growth (values are mean values ± standard error, n=3) after 28 
day exposure to roadside soil collected from western Melbourne, Australia. Different letters 
indicate site locations: new age roadside soil (N = 2-5 years), medium aged roadside sol (M= 
10-15 years), old aged road side soil (O ≥ 30 years), C = control soil from a site not directly 
exposed to vehicular emissions, C_s = substrate control with no soil. P<0.05 
 
6.3.3 Folsomia candida body metal concentrations 
Metals were not detected in the F. candida in the control substrate (C_s) compared to other 
sites.  Manganese accumulation in F. canddia showed a clear trend in roadside soil of 
N>M>O; however As and Pb accumulation showed the opposite trend, O>M>N, for tissue 
concentrations. All the other metals (Cd, Cr, Cu, Ni, Pd and Zn) did not show any trend. 
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Figure 6.4  Metal concentrations in Folsomia candida, after 28 d exposure to roadside soil 
from western Melbourne, Australia. Different letters indicate site locations: new age roadside 
soil (N = 2-5 years), medium aged roadside sol (M= 10-15 years), old aged road side soil (O 
≥ 30 years), C = control soil from a site not directly exposed to vehicular emissions, C_s = 
substrate control with no soil. Samples were pooled to ensure enough tissue for metal 
analysis and thus each column represents one pooled sample. 
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Table 6.3 Pearson correlation coefficients (r) comparing relationships between organism responses and soil parameters for Folsomia candida 
cultured in soil collected from roadsides in the west of Melbourne, Victoria  
  
   Metal concentration in F. candida 
Parameters Property As Cd Cu Mn Ni Pb Pd Zn Dry weight 
Survival
% 
  
 
     
 
   
Soil Total metals As -0.818 0.653 0.871 -0.538 -0.111 -0.726 -0.595 0.900 -0.191 0.508 
 
Cd 0.830 0.635 0.303 -0.038 -0.725 0.632 -0.049 -0.843 -0.053 -0.469 
 
Cu 0.711 0.147 0.901
*
 -0.139 0.1 0.995
**
 0.729 -0.852 -0.477 -0.941
*
 
 
Mn 0.433 0.698 0.572 0.917
*
 0.324 0.173 0.348 -0.483 0.671 0.070 
 
Ni 0.872 0.541 0.899
*
 0.281 0.022 0.875 0.640 -0.962
*
 -0.045 -0.699 
 
Pb 0.779 0.285 0.285 -0.413 -0.668 0.925
*
 0.055 -0.732 -0.430 -0.669 
 
Pd -0.493 0.192 -0.455 0.687 0.247 -0.808 -0.428 0.506 0.820 0.814 
 
Zn 0.848 0.295 0.584 -0.294 -0.412 0.705 0.362 -0.873 -0.451 -0.833 
  
 
     
 
   
CaCl2 extractable 
metals 
As 0.856 -0.826 -0.623 -0.480 0.343 -0.669 0.242 0.958* 0.238 0.423 
 
Cd -0.157 -0.647 0.620 -0.428 0.702 0.553 0.878 -0.081 -0.743 -0.719 
 
Cu 0.792 0.390 0.951
*
 0.178 0.138 0.923
*
 0.754 -0.919
*
 -0.183 -0.789 
 
Ni -0.425 -0.668 -0.602 -0.902 -0.362 -0.196 -0.870 0.485 -0.640 -0.040 
. Mn 0.139 0.651 -0.616 0.461 -0.669 -0.572 -0.390 0.096 0.770 0.742 
 
Pb 0.741 0.272 0.319 -0.478 -0.608 0.757 0.121 -0.715 -0.515 -0.728 
 
Pd -0.610 0.060 -0.705 0.467 0.068 -0.963 -0640 0.726 0.713 0.875 
 
Zn 0.295 0.435 0.721 0.779 0.598 0.277 0.611 -0.422 0.443 -0.102 
  
 
     
 
   
Soil properties pH 0.510 0.766 0.558 0.916
*
 0.228 0.197 0.298 -0.539 0.687 0.063 
 
CEC 0.639 0.638 0.822 0.707 0.304 0.529 0.588 -0.732 0.373 -0.305 
 
EC 0.657 0.460 0.951
*
 0.477 0.36 0.729 0.769 -0.796 0.088 -0.56 
 
Clay -0.931 -0.515 -0.805 -0.096 0.184 -0.919 0.471 0.990
*
 0.170 0.763 
 
Mois. 0.535 0.855 0.430 0.942
*
 0.076 0.107 0.129 -0.519 0.779 0.173 
  
 
     
 
   
PAH PAH n/a n/a n/a n/a n/a n/a n/a n/a -0.456 0.168 
TPH TPH n/a n/a n/a n/a n/a n/a n/a n/a 0.096 -0.241 
  
 
     
 
   
Road age years -0.627 -0.653 -0.801 -0.733 -0.302 -0.498 -0.057 0.716 -0.896
*
 -0.567 
**.Correlation is significant at the 0.05 level (2-tailed). *correlations is significant at the 0.1 level (2 tailed), Mois=soil moisture 
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6.3.4 Relationships between Folsomia candida and soil properties 
Physicochemical properties of the studied soil were found to have no effect on F. candida 
survival or their biomass. However, soil pH (r=0.916, P<0.05) and moisture content (r=0.942, 
P<0.05) significantly enhanced Mn accumulation in F. candida (Table 6.2). In addition, soil 
clay content showed a positive, significant correlation with F. candida body Zn 
concentrations (r=0.990, P<0.05).  
Total metals in soil did not show any significant effect on F. candida biomass (Table 6.2). 
However, F. candida survival was significantly reduced by the presence of Cu in soil (r= -
0.914, P<0.05). Copper, Mn and Pb in soil significantly accumulated in F. candida body 
tissues. The presence of Ni in soil showed a negative, significant correlation with F. candida 
body Zn concentrations (r=-0.962, P<0.05). For all metals, except for Cu, metal 
concentrations in CaCl2 extractions did not correlate significantly with F. candida 
accumulated metals, biomass or  survival.  
The length of time metals had been accumulated on roadside soil (i.e. road age) showed no 
significant relationship with F. candida body metal concentrations or survival. However, the 
biomass of F. candida cultured in soil from the side of new aged roads (i.e. recently 
contaminated with metals) were significantly lower than for older road ages, i.e. biomass was 
negatively affected by the age of the roads (R
2
=-0.884, P<0.05). 
No significant effects were found between soil PAH or TPH concentration and F. candida 
survival or biomass (Table 6.2). 
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6.4 Discussion 
6.4.1 Folsomia candida growth, survival and metal accumulation 
Folsomia candida biological and chemical parameters were measured to understand the 
relationships between F. candida and soil quality. Folsomia. candida survival and growth 
was influenced by soil quality. The introduction of metals to roadside soils from automobiles 
appeared to favour the growth and survival of F. candida. Some of the metals analysed are 
essential metals for the survival and growth of F. candida, i.e. Cu, Mn and Zn. This was 
further supported by the better growth recorded from F. candida cultured in recently 
contaminated roadside soil (new aged roads) compared to the organisms cultured in soil from 
the control sites (Figure 6.1). The lower pollution (as measured by the PLI) recorded from 
new aged roads may be the reason for the better growth F. canddida in these sites (Table 6.2). 
Manganese accumulation in F. candida body tissue was significantly correlated to biomass 
suggesting that vehicle emissions of Mn at current concentrations are supporting rather than 
hindering F. candida biomass production.  In addition, soil pH and moisture content tended 
to support Mn uptake by F. candida. Van Straalen et al. (1987) suggested a possible 
occurrence of selective accumulation of metals by different collembolan species. Van 
Straalen et al. (1987) study only investigated the metal effects on F. candida. Thus though 
roadside added Mn did not show toxic effects to F. candida in the current study the same 
concentration could potentially carry different levels of toxicity to other collembolan species. 
Soil arthropods are known to differ in sensitivity to metals in soil, even within the same 
subclass level (e.g. within collembolan) (Bur et al., 2012).  
As demonstrated in this study Cu accumulation in F. candida could be potentially toxic as it 
significantly correlated with inhibition of survival ability (r
2
 = -0.941, P=0.045). Folosmia 
candida survival may be affected when body metal concentrations exceed physiological 
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limits (Santorufo et al., 2012). Folsomia candida feed on decaying organic matter in soil 
(Culliney, 2013) and Cu has a high affinity for organic matter (Hernandez et al., 2003).  
Thus, the feeding habit of F. candida may have favoured high Cu accumulation in their body 
tissues. This recorded Cu toxicity may vary from species to species. Thus, accumulation of 
Cu in roadside soil has reached concentrations in Melbourne that could potentially be 
disturbing healthy ecosystems functioning including organic matter decomposition.  
Collembolans, as a subclass, are able to reduce their exposure to potentially lethal metal 
concentrations due to the taxa’s high excretory ability as they shed mid gut epithelium during 
malting (Fountain and Hopkin, 2001). Lead excretion by F. candida was reported to increase 
with increasing Pb pollution exposure (van Straalen and Denneman, 1989), and decrease 
during the intermolt period (Bur et al., 2012). These mechanisms may have assisted F. 
candida to overcome potential toxic exposure to Pb and other metals in the roadside soil 
environment tested in the current study.  
The effects of metals on soil invertebrates are representative of the total concentrations and 
bioavailability of these metals in soil. Some metals which were detected in high 
concentrations in F. candida body tissues were positively correlated to total soil metal 
concentrations (Cu, Mn and Pb).  Zinc uptake by F. candida was reduced by the presence of 
higher concentrations of Cu and Ni in soil (Table 6.2).  This may be as a result of competition 
for uptake caused by Cu and Ni on F. candida metal uptake mechanisms. Zinc, Cu and Ni 
have a charge of 2+ and similar ionic radii which is consistent with the appearance of 
competitive uptake in the current study. In some cases the presence of chemical competition 
for uptake have resulted in reduced metal absorption by F. candida (Bur et al., 2012). These 
findings demonstrated that the common approach of undertaking single metal studies to 
determine sensitivity may not provide suitable prediction of the hazard of field soils 
contaminated with multiple chemicals.   
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Studies by Bur et al. (2012) did not show any relationships between the accessible soil assays 
potentially representing bioavailable metal concentrations and the bioaccumulation of metals 
in F. candida. In the current study, CaCl2 extractable metals in soil were also found to not 
correlate with the bioaccumulation of metals by F. candida (Table 6.2).  However the use of 
CaCl2 extractable metals to predict Cu uptake by F. candidas looks promising in this study. 
At present there is no agreement in the research literature on which soil assay best correlates 
with bioavailability of metals in soil. The CaCl2 extractable metals represent a single moment 
in time and do not reflect the soil dynamics of concentrations over the exposure period. This 
may be the reason for the poor correlations seen in the current study. 
6.4.2 Metal aging effect in soil and F. candida  
The most important factors affecting the soil bioavailability of metals are the metal  aging 
effects in soil and soil properties including  CEC and pH (Smolders et al., 2009). Many 
studies have shown that increased retention time of metals in soil results in a decrease in 
metal bioavailability (Rieuwerts et al., 1998). In support of the findings of Rieuwerts et al. 
(1998) the current study reported a significant negative effect on biomass of F. candida with 
the metal aging effect (Table 6.2). This is consistent with metal bioavailability theory as 
metals are likely to be become less bioavailable as they have greater time to react with and 
adsorb to soil minerals.  
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6.5 Conclusions 
Data from the current study have shown that the petrogenic hydrocarbons in these roadside 
soils had no effect on F. candida survival or growth. In comparison, this study demonstrated 
a significant effect of metals on F. candida growth which was supported by the PLI 
(N<M<O) of roads. The growth of F. candida appeared to be improved by the addition of 
essential metals such as Mn into roadside soil. Manganese concentrations recorded in 
roadside soil were not found to be toxic to F. candida. However, there was evidence to 
indicate that elevated Cu concentrations were toxic to F. candida.  
The current study also indicated that metal accumulation by F. candida was related to high 
metal concentrations, including Cu, Ni and Pb. Zinc bioaccumulation seemed to be 
suppressed by the presence of Cu and Ni in soil. Copper was the only metal that showed 
significant correlations with both total soil and CaCl2 extractable concentrations in soil and F. 
candida metal accumulation. A significant visible trend with metal aging in soil and F. 
candida metal accumulation or its survival was not observed. However the data indicated a 
negative significant effect on F. candida biomass with soil age.  
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7 EFFECTS OF VEHICULAR EMISSIONS ON 
ROADSIDE SOIL MICROBIAL FUNCTION AND 
NUTRIENT CYCLING 
7.1 Introduction 
 Given the large size of the world road network, the land area affected by vehicular emissions 
is extensive. These land areas are known to be used for ecosystem services, crops and 
habitats for many species. The contaminants arising from vehicular emissions (metals, TPH 
and PAHs) have the potential to cause adverse effects on the diversity and activity of the soil 
microbial community (Elsgaard et al., 2001; Renella et al., 2002). 
Fungi and bacteria represent the main components of the soil microbial biomass where they 
play a critical role in maintaining soil structure and function (Rajapaksha et al., 2004). 
Healthy ecosystems depend on the  soil microbial community to carry out basic ecosystem 
functioning such as litter decomposition and  nutrient cycling (Wightwick et al., 2013). Soil 
microbial enzymes play a key role in the degradation of organic matter and release of 
nutrients in an utilisable form for plants. Urease is responsible for the hydrolysis of urea and 
represents a good indicator of the nitrogen activity (Pascual et al., 2002); 
phosphomonoesterase is capable of catalysing esters and anhydrides of phosphoric acid 
(Sadowsky et al., 2006); arylsulfatase hydrolyses the sulphate esters in soil (Gupta et al., 
1993); and β-glucosidase is a good indicator of the organic carbon in the soil (Makoi and 
Ndakidemi, 2008). These enzymes are among the most important and widely studied 
enzymes in soil in the research literature. 
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Little is known about the impact on soil microbial activity and diversity of vehicle emission 
contamination of roadside soils. This is largely due to the fact that soil microbial activity and 
diversity is readily influenced by environmental factors including temperature, pH, and also 
the presence of heavy metals, PAHs and TPH in soils. This makes it difficult to tease apart 
the impact of individual factors on microbial activity and diversity. In general, soil microbial 
communities have been reported to recover following an initial high metal input to the 
growing medium (Holtan-Hartwig et al., 2002) and are able to survive, via ecological 
resilience, leading to an increase in contaminant resistance (Griffiths and Philippot, 2013; 
Guzzo and DuBow, 1994). Given the importance of soil microorganisms for ecosystem 
functioning, it is crucial to understand how the soil microbial community responds to the 
presence of contaminants in roadside soil. To date, there are only a few reports on changes in 
soil microbial activity in roadside soils (Section 2.5.1). The majority of these studies have 
reported on metal effects on bacteria for only a few metals such as Pb (Table 2.2).  To the 
author’s best knowledge, studies on the microbial responses (bacteria and fungi) to recently 
introduced metals and metal accumulation over time (i.e. aging effects) have yet to be 
investigated.  
The aim of this study was to assess the effects of vehicular emissions, particularly metals, 
total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAH) on the 
activity and diversity of the roadside soil microbial community including the effects of road 
age. Soil microbial communities were assessed using DNA-PCR-DGGE. In addition, 
assessment of microbial activity (as assessed by soil respiration) and four soil enzyme 
activities, phosphomonoesterase (P cycle), urease (N cycle), β-glucosidase (C cycle) and 
arylsulphatase (S cycle) were assessed to determine the effects of vehicular emissions on soil 
nutrient cycling.  
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7.2 Methods 
7.2.1 Sample site selection  
A total of 28 soil samples representing zero exposure to vehicular emissions (control), and a 
range of times of exposure to vehicle emissions (2 yrs  to 63 yrs) were collected from the 
west of Melbourne, Australia. They were categorized as young (2-3 years), medium (5-10 
years) and old (≥15 years) aged roads. The soil sampling techniques and storage methods for 
this experiment were the same as those described in Section 4.2.1 except where otherwise 
stated. A subset of the collected samples were stored in 75 ml vials (approximately 10 g), and 
immediately stored in a cool box (Hjortenkrans et al., 2008; Werkenthin et al., 2014) for use 
in the enzyme assays. In the laboratory, the samples in the vials were transferred to a freezer 
(-10 
0
C) until further analysis. 
7.2.2 Physical and chemical properties of soil 
Soil analysis for pH, effective cation exchange capacity (ECEC) and total organic carbon 
(TOC) were carried out as previously described (see Section 3.2.2.2). 
7.2.3 Determination of carbon, nitrogen, phosphorus and sulfur content in 
soil 
Soil nutrients analysis using different methods was carried out as previously described (see 
Section 6.2.8). 
7.2.4 Soil total metals and available metal analysis 
7.2.4.1 Total metal extraction 
Soil metal analysis using acid digestion method was carried out as previously described (see 
Section 3.2.2.1). 
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7.2.4.2 CaCl2 extractable metals 
Soil available metal analysis using the CaCl2 extractable method was carried out as 
previously described (see Section 4.2.3.2). 
7.2.5 Analysis of PAH and TPH in soil samples 
Soil PAH and TPH analyses were carried out as previously described (see Section 6.2.6). 
7.2.6 Soil microbial basal respiration 
Soil microbial basal respiration was measured as previously described  (Dube et al., 2009) 
with modifications as listed below. From each roadside soil, aliquots (25 g) were sieved (>2 
mm) and moistened (water filled pore space/WFPS = 60%). Soils were placed inside 
incubation jars together with NaOH (10 ml, 1 M). A control with no soil in the incubation jar 
was routinely included. The incubation jars were sealed with Para film, covered with 
aluminium foil and left in an incubation chamber at 22 ± 1 
0
C for 9 d. Every 3 days, the 
NaOH in the assay tubes were replaced with fresh solution. The CO2 present in the removed 
NaOH was titrated [after addition of BaCl2 (2 ml, 1.5 M)] using HCl (1 M) and 
phenolphthalein as the indicator. Carbon dioxide emitted was expressed as CO2 /mg of dry 
soil/ day using the following formula: 
CO2 evolved from the soil = mg of C or CO2 =    (B-V) N.E      
Where 
B= volume of HCl (ml) from the titration of the control (no soil) 
V= volume of HCl (ml) from the titration of the samples (with soil) 
N=Normality of the acid for equivalent weight.  
     To express data in terms of C, E = 6; to express as CO2, E = 22 
  
116 
 
 
7.2.7 Enzyme assays for soil phosphomonoesterase (PHMO), arylsulfatase 
(ARYL), -glucosidase (β-GLU) and urease (UR) 
Phosphomonoesterase (PHMO) activity was estimated using the method described by 
Tabatabai (1994) and Wightwick et al. (2013). Briefly, soil (1 g) was diluted four-fold in 
water and p-nitrophenylphosphate (P-NPP, 50 mM, 1 ml) added. Following incubation for 2 
h at 37 
o
C, CaCl2 (1 ml, 0.5 M) and NaOH (4 ml, 0.5 M) were added and the absorbance at 
400 nm measured. Controls with either no soil or no substrate were routinely included. 
Enzyme activity was calculated using a p-nitrophenyl calibration curve and activity expressed 
as micrograms p-nitrophenol per gram dry soil per hour. 
Arylsulfatase activity was estimated based on the methodology described by Tabatabai 
(1994) but using p-nitrophenyl sulphate (P-NPS, 50 mM) as the substrate (Wightwick et al. 
(2013). Again, enzyme activity was expressed as micrograms p-nitrophenol per gram dry soil 
per hour.  
Urease activity was estimated using the method described by Tabatabai (1994) and 
(Wightwick et al., 2013) based on the spectrophotometric measurement (OD610) of the release 
of ammonium resulting from the incubation of soil suspensions with urea (200 mM) after 2 h 
at 37 
o
C using a salicylate–cyanurate method (Sinsabaugh et al., 2000).  Urease activity was 
expressed as NH4 produced per hour per gram dry soil.  
Β-glucoxidase activity was assessed using the method described by Tabatabai (1994) using p-
nitrophenyl-β-D-glucoside (NPG). Enzyme activity was expressed as micrograms p-
nitrophenol per gram dry soil per hour. 
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7.2.8 Soil DNA extraction 
Soil DNA was extracted using a Power soil® DNA Isolation kit (MO BIO Laboratories, Inc 
USA). The quality of the extracted DNA was measured using a Nanodrop; all samples 
(containing 12 - 39.4 ng DNA/µg) showed a 260 nm:280 nm ratio of between 1.44 and 2.03. 
7.2.8.1 Microbial community analysis 
The roadside soil bacterial community was determined by the PCR-DGGE technique using 
universal primers of the 16S rDNA gene, 907F GC and 314R (Schäfer and Muyzer, 2001). 
Each PCR mixture contained DNA extract (2 µl), forward primer (2 µl, 10 mM), Go Taq 
Flexi buffer (1.0 µl, 5 X), MgCl2 (5 µl, 25 mM), dNTPs mixture (1 µl, 10 mM), Taq 
polymerase enzyme (0.25 µl, 5 U/µl), and sterile nuclease-free water (27 µl). The 
amplification cycle was performed starting with 5 min at 95
0
C, 30 min cycles of denaturation 
at 94
0
C for 1 min, 52
0
C for 1 min, 72
0
C for 1 min, and final primer extension at 72
0
C for 10 
min.   
The soil fungal community was determined using  nested PCR amplification of 18S rDNA, 
Internal transcribed spacer (ITS) region based primers (ITS1F5’-
TCCGTAGGTGAACCTGCCGG-3’, ITS2 and ITS1) and ITS1F GC and ITS45’- 
TCCTCCGCTTA TTGATATGC-3’) were used (Anderson and Parkin, 2007). Based on the 
PCR product only 20 samples were chosen and the DGGE was performed as described by 
(Muyzer et al., 1993). 
Analysis of amplified PCR products was determined by agarose gel electrophoresis (1.5% 
w/v). Following successful amplification, only 28 sample sites were suitable for DGGE 
analysis. DGGE was performed as described by Muyzer et al. (1993). PCR products were 
loaded onto a polyacrylamide gel (6% w/v, 1 mm thickness) in TAE buffer.   Gels (40-65% 
denaturing gradient) were run at 60 V for 18 h at 60
o
C. Gels were stained using a silver 
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staining protocol, scanned (Epson V700) and saved as a TIFF file. Phoretix ID software was 
used to analyse the gel to generated dendrograms. 
7.2.9 Statistical analysis 
The unweighted pair group method with mathematical averages (UPGMA) was used to 
express microbial community similarity clusters. The Shannon index (H′) was used to  
calculate the microbial diversity from DGGE profiles as described by  Girvan et al. (2003)   
using the following formula  
H′=−∑pi ln pi  
where  Hʼ= The Shannon index  
i = intensity of the band i/total intensity of all bands in the lane 
Correlations between the roadside soil bacterial and fungal community and soil metal 
concentrations, PAHs and soil physicochemical parameters PAHs were analysed using 2-
tailed Pearson correlation tests, cluster analysis and stepwise linear regressions using  SPSS 
(IBM version 21, 2012) and principal component analysis (PCA) using XLSTAT 2015. 
7.3 RESULTS 
7.3.1 Physiochemical properties of the roadside soil 
The pH was alkaline (mean of 6.90 ± 0.21) in most soil samples (Table 8.1). Soil sulphur 
concentration was lower (15.46 ± 1.44 mg/kg) than N (40.51 ± 5.67 mg/kg) and P (42.58 ± 
7.24mg/kg). Generally the soils studied had more sand (38.58 ± 2.84 %) than clay (26.76 ± 
2.78 %) and silt (32.85 ± 2.66 %). Soil TPH was similar in all soil samples studied 
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(approximately 420 mg/kg). However, roadside soil PAH varied considerably between the 
sites (54-1555 mg/kg) (Table 7.1).  
Table 7.1 Descriptive statistics for the studied soil properties, n=28 
Parameter Minimum Maximum Mean ± SE 
pH 5.17 8.84 6.90± 0.21 
EC (µs/cm) 0.00 306.00 169.61± 14.64 
Moisture % 0.09 31.23 17.02± 1.87 
CEC (cmol(+)/kg) 5.88 40.79 23.96± 1.67 
Sand (%) 15.60 71.42 38.58± 2.84 
Clay (%) 4.97 71.82 26.76± 2.78 
Silt (%) 0.43 52.66 32.85 ± 2.66 
N  (mg /l) 8.51 103.16 40.51± 5.67 
S (mg /l) 7.85 39.07 15.46± 1.44 
P (mg/l) 6.89 148.91 42.58 ± 7.24 
TOC (C% /g dry sol) 0.45 4.75 2.14 ± 0.19 
PAH (mg/kg) 53.70 1555.03 249.81 ± 57.67 
TPH (mg/kg) 416.88 438.41 423.71 ± 1.23 
SE = Standard Error 
Metals including As, Ag, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Pd, Sb and Zn were detected in 
Melbourne roadside soils. Cadmium, Cr, Cu, Mn, Mo, Ni, Pb and Zn were found 
significantly accumulated in Melbourne roadside soils compared to control soils (Section 3.3 
and 3.4). In particular, higher concentrations of Mn (5999 mg/kg), Pb (144 mg/kg) and Zn 
(89 mg/kg) were recorded in roadside soils compared to control soils (Table 7.2). Manganese 
concentrations exceeded the soil Ecological Investigation Levels (EIL) guidelines for 
Australia (Chapter 3.0). Irrespective of the total metal concentrations recorded from the 
roadside soil, CaCl2 extractable metals were very low; Cu (0.41 mg/kg), Ni (0.24 mg/kg) and 
Zn (0.73 mg/kg) were metals with the highest recorded concentrations in CaCl2 extracts in 
this study. 
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Table 7.2 Descriptive statistics of the metal characteristics of the studied soils, n=28 
Metal Total metals mg/kg CaCl2 extractable metals mg/kg 
 
Minimum Maximum Mean ± SE Minimum Maximum Mean ± SE 
As 0.00 11.59 2.43 ±0.45 <0.01 0.07 0.01 ± 0.00 
Ag 0.00 1.47 0.33 ± 0.07 0.01 0.03 0.02 ± 0.00 
Cd 0.02 0.81 0.20 ± 0.03 0.01 0.28 0.03 ± 0.01 
Co 0.99 18.18 6.05 ± 0.64 0.01 0.16 0.03 ± 0.01  
Cr 10.70 33.85 23.49 ± 1.11 n.d. n.d. n.d. 
Cu 3.02 22.92 7.81± 0.74 0.02 0.41 0.08 ± 0.02 
Mn 92.00 599.0 258 ± 33.0 0.01 0.02 0.01 ± 0.00 
Mo 1.59 23.27 6.44 ± 0.93 0.00 0.38 0.05 ± 0.02 
Ni 4.29 20.68 13.29 ± 1.15 0.02 0.24 0.09 ± 0.01 
Pb 16.18 144.60 45.30 ± 11.34 0.01 0.18 0.04 ± 0.01 
Pd 0.03 0.08 0.05 ± 0.00 0.01 0.07 0.05 ± 0.00 
Sb 0.01 2.64 0.64 ± 0.13 0.01 0.02 0.00 ± 0.00 
Zn 10.39 88.84 32.46 ± 6.01 0.30 0.73 0.12 ± 0.038 
       SE=Standard Error, n.d=not determined 
7.3.2 Soil microbial basal respiration 
Respiration rates did not vary significantly among the different road side soil samples (Figure 
7.1). The presence of As in soil significantly lowered soil respiration (r = -0.395, P < 0.05). 
However, other significantly accumulated metals (Cd, Cr, Cu, Ni, Pb and Zn) in roadside soil 
(Chapter 3.0) did not show significant correlation with the roadside soil basal respiration 
(Table 7.3). Neither soil texture nor soil nutrients showed any significant correlation with soil 
basal respiration. However basal respiration and soil enzyme activity were significantly 
negatively correlated (Table 7.3). Basal respiration was closely associated with fungal 
diversity in soil (Figure 7.1) while no such representative was found for soil bacterial 
diversity (Figure 7.2). 
  
121 
 
 
 
 
Figure 7.1 Roadside soil basal respiration [µgC-CO2 (mg microbial carbon-C-
1 
day
-1
)]. Bars 
representing red= young roads (2-5 years of age), blue = medium aged roads (5-10 years of 
age), orange=old roads (≥15 years of age), dotted line represents the control soil basal 
respiration, n=28, each bar represents mean of 3, error bars are not presented. 
 
 
Figure 7.2 Roadside soil Shannon Diversity Index for bacteria and Fungi. Bars representing 
red= young (2-5 years of age), blue = medium (5-10 years of age), and orange = old 
(≥15years of age) roads, dotted line represents the control soil diversity n=28. 
Bacteria 
R
o
ad
si
d
e 
so
il
 
S
h
an
n
o
n
’s
 
D
iv
er
si
ty
 
In
d
ex
 
Road age (years) 
 
Road age (years) 
  
122 
 
7.3.3 Bacterial diversity 
Roadside soil bacterial diversity was higher than the control soil bacterial diversity (Figure 
7.2). There was little variation observed in bacterial diversity among different aged roadside 
soil samples. Irrespective of the exposure time to vehicular emissions the roadside soil 
bacteria were able to maintain their diversity without much variation.  
Bacterial diversity did however show a significant correlation with soil EC content (r = 
0.443, P < 0.05), and was significantly reduced by the presence of As ( r= -0.45, P <0.01) and 
Sb (r=-0.51, P<0.01) in roadside soil (Table 7.3). 
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Table 7.3 Pearson correlations of microbial diversity and enzyme activity with soil physical 
properties, nutrients, total metals and hydrocarbons 
Properties   Microbial diversity Enzyme activity 
    Bacteria Fungi β-GLU ARYL PHMO UR BR 
Physical properties 
 
       
 
Clay (%) -0.157 0.153 -0.134 0.432* 0.493** 0.386* -0.219 
 
Sand (%) 0.17 -0.235 0.273 -0.037 -0.058 0.207 -0.162 
 
Silt (%) -0.172 0.292 -0.085 -0.355 -0.404* -0.384* 0.245 
 
pH 0.349 0.247 0.236 -0.372* -0.356 -0.279 0.057 
 
CEC (meq/100g) 0.315 0.151 0.303 -0.384* -0.465** -0.394* 0.272 
 
EC (µs/cm) 0.443* -0.160 0.224 -0.274 -0.381* -0.273 0.175 
 
moisture 0.245 -0.017 0.042 -0.329 -0.359 -0.341 0.216 
 
Nutrients (mg/kg) 
N (NO2- + NO3-) -0.309 0.389* -0.406* -0.139 0.199 -0.465** 0.110 
 
P (PO4)-3 0.062 -0.276 0.433* 0.248 0.281 0.658** -0.117 
 
S (SO4)-2 0.196 -0.237 0.603** 0.357 0.231 0.260 -0.071 
 
C (TOC) 0.153 -0.351 0.196 0.369* 0.382* 0.311 0.152 
Total metals (mg/kg) 
As -0.450** 0.125 -.056 -0.132 0.068 0.089 -0.395* 
 
Cd 0.224 -0.124 0.329 0.204 -0.057 0.09 0.101 
 
Cr 0.198 -0.108 0.313 -0.21 -0.15 -0.019 -0.115 
 
Cu 0.272 -0.424* 0.163 -0.107 -0.07 0.12 -0.226 
 
Mn 0.256 0.099 0.182 -0.16 -0.266 -0.29 0.171 
 
Ni 0.331 -0.285 0.401* -0.212 -0.265 -0.009 -0.191 
 
Pb 0.166 -0.365* 0.388* -0.019 0.008 -0.372* -0.215 
 
Pd -0.036 0.485** 0.016 -0.04 0.057 -0.044 -0.061 
 
Sb -0.510** 0.161 -0.108 0.760** 0.816** 0.611** -0.305 
 
Zn 0.225 -0.439* 0.18 -0.008 -0.379* 0.157 -0.136 
Soil hydrocarbons (mg/kg) 
TPH 0.123 -0.250 0.004 0.028 -0.065 0.181 0.229 
 
PAH 0.121 -0.271 0.168 -0.026 0.048 0.186 -0.072 
 Microbial diversity  BD 1  -0.489
**  0.233  0.113  -0.106   0.131 0.307  
 
FD -0.489
** 1 -0.270   0.051   0.016 0.420* 0.076 
 
 
BR 
0.320 0.076 -0.458* -0.430* -0.470** -0.566** 1 
  
       
BD= Bacterial diversity, FD= Fungal diversity also need TOC=total organic carbon, CEC=cation exchange capacity, Ec=electrical 
conductivity, PHMO=phpsphomonoeasterase, ARYL=Arylsulfatatse, β-GLU= β-glucoxidase, UR=urease, BR=basal respiration 
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7.3.4 Fungal diversity 
Fungal diversity was higher in young aged roads and declined when the age of the roads 
increased (r = -0.489, P < 0.01) (Figure 7.2) i.e. the opposite trend to soil bacterial diversity. 
Control sites were high in fungal diversity compared to the roadside soil. Fungal diversity 
was highest in the lowest PLI sites (new aged roads) and the fungal diversity was lowest in  
the highest PLI sites (old roads). Fungal diversity in roadside soil was mostly correlated with 
the presence of metals including Cu (r = -0.424, P<0.01), Pb (r = -0.365, P<0.05) and Zn (r = 
-0.439, P<0.01) (Table 7.3). Interestingly, these metals were recorded to be significantly 
accumulated in Melbourne roadside soils (Chapter 3.0). Increased soil nitrogen concentration 
was correlated with increased fungal diversity (r=0.389, P=0.05). 
According to the factorial analysis (Figure 7.5) fungal diversity was closely correlated with 
soil basal respiration, soil clay concentration and moisture content, while it appeared to be 
negatively correlated with soil TPH, PAH, TOC, sand content and metals. The presence of 
metals in roadside soil appeared to affect fungal diversity more than bacterial diversity 
(Figure 7.2).  
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Figure 7.3 Soil enzyme activity (µg (x)/g dry soil/h) B-GLU (β glucosidase), UR (urease), 
PHMO (phosphomonoessterase) and AYRL (arylsulfatase) as related to road age (years). The 
dotted line represents the corresponding concentration in the control soil sample. The red bars  
represents young aged roads (2-5 years), blue bars represents medium aged roads (5-10 years) 
and the orange bars represents old aged roads (≥15 years). n=30, each bar represents mean of 
3, error bars are not presented. 
 
7.3.5 Soil enzymes and nutrients 
All four enzymes (PHMO, ARYL, UR and βGLU) and corresponding nutrients (P, S, N and 
C respectively) were found to be present in all soils tested. Soil enzyme activity of PHMO, 
ARYL and UR was reduced in soils collected adjacent to young roads compared to the 
control soils but increased in middle-aged roadside soil (P<0.05). However, in soils collected 
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from beside old roads, enzyme activity decreased (P<0.05). Soil clay content was positively 
correlated with all enzymes and negatively correlated with CEC (P <0.05) however an 
exception for βGLU was recorded (Table 7.3). Basal respiration showed a significant 
negative correlation with all the four enzymes activities in soil (P <0.05).  
The nutrient content in soil showed a linear positive relationship with enzyme activity and the 
associated nutrients; however for N an increased activity of UR correlated with reduced N 
concentration in soil (P <0.01). 
7.3.5.1 Phosphomonoesterase (PHOM) 
Control sites had higher PHMO activity relative to the PHMO activity detected in soil 
collected from adjacent to new roads (Figure 7.3). Phosphomonoesterase activity tended to 
decrease with the age of the road, but remained much lower than that of the control site. Soil 
P concentration showed a positive linear relationship with PHMO activity (R=0.268, P<0.05) 
in soil (Figure 8.4). Some soil parameters were observed to be linked to increased PHMO 
activity (clay %, r=0.493, P<0.05) while others (Silt %, r = -0.404 P<0.05; CEC, r=-0.465 
P<0.05; EC, r= -0.381 P<0.05) were correlated with decreased activity (Table 7.3).  Negative 
correlation coefficients were observed between roadside soil Zn concentrations (r=-0.379, 
P<0.05), CEC (r=-0.465, P<0.01), EC (r=0.381, P<0.05), silt content (r=0.404, P<0.05) and 
bacterial basal respiration (r=0.470, P<0.01). 
7.3.5.2 Arylsulfatase (ARYL) 
Arylsulfatase activity in young aged roadside soil was lower compared with activities found 
in the control site. However over time ARYL activity tended to increase. Roadside soil S 
content increased with soil ARYL activity (R=0.146) in soil (Figure 7.4). A negative 
coefficient correlation was observed between roadside soil pH (r=-0.372, P<0.05) and ARYL 
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activity in soil. However the presence of metals in roadside soil did not show any significant 
effect on ARYL activity. 
7.3.5.3 Urease (UR) 
Normalised UR activity was lower in soil collected from beside young roads than in control 
soils. However, in medium aged roads UR activity in roadside soil increased compared to the 
control soil, but was reduced in roadside soils from older roads.  Roadside soil N 
concentration and UR activity showed a weak relationship (R= -0.114, P>0.05) (Figure 7.4). 
The presence of Pb correlated with reduced UR activity in roadside soil (r=-0.372, P<0.05) 
while the soil fungi population was shown to be positively correlated with UR concentration 
(r=0.420, P<0.05) (Table 7.3). 
7.3.5.4 β-Glucosidase (β-GLU) 
Normalized β-GLU activity was higher in roadside soil than β-GLU activity in the control 
soil. Nutrients, including P (r=0.603, P<0.01) and S (r=0.433, P<0.05), correlated with 
increased β-GLU activity while N concentration was correlated with reduced activity (r=-
0.406, P<0.05) (Table 7.3). The concentrations of roadside soil metals such as Ni (r=0.401, 
P<0.05) and Pb (r=0.388, P<0.05) positively correlated with β-GLU activity (Table 7.3).  
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Figure 7.4 Linear regression relationships determined between soil enzymes and their 
respective nutrient concentration in roadside soil. (A) ARYL and S (SO4
-2) (B) βGLU and 
TOC (c) PHMO and P (PO4
-1
) (d) UR and N (NO2
-1
 +NO3
-1
), n=30 
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7.3.6 Soil microbial community fingerprinting 
Many common bands were detected among the soils tested in the DGGE analysis, suggesting 
the presence of many bacteria taxa was common to all soils (Figure 7.5). Analysis of the 
community fingerprint from each soil identified three distinct clusters, named X, Y and Z 
(Figure 7.5). The first cluster (Z) consisted of the bacterial profiles of soil from the control 
site and soils exposed to vehicular emissions for a short period of time (2-3 years); the second 
cluster (Y) generally consisted of soil collected from beside medium-aged roads (5-10 years) 
while the third cluster (X) consisted of soil collected from beside older roads (>15 years) 
(Figure 7.7). In addition, some bands appearing in control site (A, Figure 7.5) were absent in 
other roadside soil sites, while some bands unique to roadside soil (B, Figure 7.5) exposed for 
a long period of time were absent in control sites and other roadside soil. 
Denaturing gradient gel electrophoresis (DGGE) analysis of the fungal community also 
identified many common bands across all sites (Figure 7.6). No distinct clustering was 
identified in fungal DGGE dendrogram analysis, unlike analysis of the bacterial fingerprints 
generated from each soil.  
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Figure 7.5 Unweighted Pair Group Method with Arithmetic Mean (UPGMA) dendrogram of 
microbial communities (bacteria) based on 16S rDNA DGGE profiles of roadside soil 
samples generated with Phoretix software (Non-Linear Dynamics, Durham, USA), X= recent 
exposure, Y = moderate exposure, and Z = long term exposure to vehicular emissions, A and 
B represents microbial bands, n=27 
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Figure 7.6. Unweighted Pair Group Method with Arithmetic Mean (UPGMA) dendrogram of 
microbial communities (fungal) DGGE profiles of roadside soil samples generated with 
Phoretix software n=20. 
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 Figure 7.7. Principal Component Analysis (PCA) based on biological and physio-chemical 
properties of the soils; Bacteria H’D are Shannon Diversity indices of microbial diversities 
from PCR-DGGE. (a) represents total soil metals and soil physical properties (b) represents 
the PCA analysis for soil available metals and other soil properties studied. n=28 
 
 Figure 7.8 Principal Component Analysis (PCA) based on biological and physio-chemical 
properties of the soils; Bacteria H’D are Shannon Diversity indices of microbial diversities 
from PCR-DGGE. (a) represents total soil metals and soil physical properties (b) represents 
the PCA analysis for soil available metals and other soil properties studied. n=28 
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7.3.7 Soil pollution and microbes 
All the data collected throughout this roadside soil microbial study were used to assess the 
impact of metal accumulation on the microbial functioning process by examining the 
associations with the soil properties studied (Figure 7.7 and 7.8). The first and second 
principal components were able to explain a substantial amount of the variation between the 
soil samples and microbial functioning.  
The first and second principal components for bacteria was able to explain 35.76 % of the 
variation between the variables including total metals and soil physical properties (Figure 
7.7a) while a lesser fraction (31.69%) was explained by the variables including available 
metals and soil physical properties (Figure 7.7b). Bacterial diversity was found associated 
with the presence of metals (Cd, Co, Cr, Cu, Ni, Zn), TPH and EC in roadside soils.  
The PCA components for fungi were able to explain 37.08% of the variance between the 
variables including fungal diversity, soil total metals, PAHs and soil physical properties 
(Figure 7.8a) while 30.47% was explained by the soil available metals and other soil 
properties (Figure 7.8b). Fungal diversity was associated with soil physical properties 
including clay and moisture content and was also affected by the presence of metals including 
Cd, Cu, Pb, Zn, and Mo. Roadside soil fungal diversity was also highly influenced by the 
TPH and PAH concentrations in soil. 
In both PCA analyses, bacterial and fungal diversity effects were best explained by roadside 
soil total metal concentrations rather than the available metal concentrations (Figure 7.7 and 
7.8). The PCA also clearly showed that roadside soil bacteria were not associated with soil 
respiration but were more closely related to the soil fungal diversity. There were no definite 
clusters observed in PCA analysis for soil bacterial or fungal diversity. 
 
  
134 
 
7.4 Discussion 
7.4.1 Microbial diversity  
The chemical characteristics of Melbourne roadside surface soils were potentially altered by 
the contaminants from vehicular emissions (Chapter 3.0). For any ecosystem the resilience of 
the soil is closely associated with microbial biodiversity, such that increasing the microbial 
biodiversity of a soil would increase their resilience (Arias et al., 2005). Across the roadside 
soils, bacterial diversity was consistently higher among all sites compared to the controls sites 
(Figure 7.2). This could be an indication of an increased resilience to heavy metal deposition 
from vehicular emissions. It is possible that the roadside soils may have originally been 
deficient in some essential metals. The addition of metals from vehicular emission would 
therefore have been beneficial to the roadside soil microbial community. A similar 
conclusion was suggested by (Post and Beeby, 1993).  
However, the fungal community was more sensitive to roadside pollution than the bacterial 
community. This was demonstrated by the reduced fungal diversity recorded from roadside 
soils compared to the control soils (Figure 7.2). Fungi were less affected in less metal 
contaminated sites: a new aged road where the PLI was lower (Table 6.2), fungal diversity 
was high. Soil bacterial diversity and fungal diversity correlated negatively, such that an 
increase in one population tended to be related to a decrease in the other. This is an example 
of contaminants resulting in a decrease in one component of the soil microbial community 
while at the same time increasing the tolerant species community (Atlas, 1984). Over time, 
the less sensitive or resistant populations could increase and become the dominant 
community. 
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7.4.2 Soil Enzymes  
Soil enzyme activities can be used as an indication of soil health (Brzezińska et al., 1998). 
The observed higher respiration rate recorded from roadside soils compared to control sites 
suggests these soils had increased microbial activity. However, in terms of soil enzyme 
activity younger aged roadside soils showed reduced PHMO, UR and ARYL activities 
compared to the control soils. This would be an indication of reduced bacterial functional 
ability.  
Microbial exposure to metals for sensitive organisms may interfere with the ability of 
microbes to survive and function. In addition, the presence of elevated concentrations of 
metals in soils can induce non-competitive inhibition, thus reducing the rate of enzyme 
mediated processes (Tabatabai and Dick, 2002). However, in soils adjacent to older roads, 
where the highest PLI was recorded (Table 6.2) the enzyme activity was also found to be 
higher, suggesting that a change in the soil microbial community favouring resistant microbes 
may have occurred over time. 
Soil enzyme activities are strongly influenced by soil physical–chemical properties (Taylor et 
al., 2002). Some enzyme activities, including ARYL and PHMO in roadside soil were 
significantly increased in soils with increased clay and total organic carbon content (Table 
8.3). Clay has a strong affinity for organic matter which in turn promotes microbial growth.  
Extracellular enzymes secreted by microbes first bind to organic matter and then to clay 
(Umar, 2010). Urease, PHMO and ARYL activities were found to be adversely affected by 
roadside soil CEC (Table 7.3). The presence of high salts concentrations (EC) in soil may 
lead to denaturation of the enzyme causing alteration of the tertiary protein structure of the 
enzyme which is essential for enzyme activity (Naidja et al., 2000).  
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In general, the presence of elevated metals in soil have the potential to inhibit soil enzyme 
activity (Chibuike and Obiora, 2014; Wuana and Okieimen, 2011). Lead has been reported to 
inhibit roadside soil UR activity while Zn has been shown to inhibit PHMO activity in 
roadside soil. The ability of metals to inhibit PHMO in soils may lead to adverse effects on P 
cycling in roadside soils and surrounding agricultural soils. Phosphomonoesterase plays an 
important role in the conversion of unavailable organic P to plant-available inorganic forms 
of P (Tabatabai, 1994). This is important in an Australian context where the soils in the main 
agricultural areas are naturally low in P (Young and Young, 2001). Thus, long-term 
disruption of P cycling in roadside agricultural soils could result in the need to apply more P 
based fertilizers to meet plant/crop requirements due to the loss of ecosystem service provide 
by soil microorganisms (Wightwick et al., 2013).  
7.4.3 Microbial community fingerprinting 
In this study, the 28 bacterial community fingerprints were classified into three different 
clusters X, Y, and Z (Figure. 7.5) based on the age of accumulation and pattern of the 
vehicular emitted metals on roadside soil. Along with this clustering effect, bacterial DGGE 
analysis was able to identify the presence of many different bands in roadside soil. In general 
terms, the presence of a single band suggests the presence of a unique species (Wallace Jr et 
al., 2002). Some of these bands were only seen in control sites (A, Figure 7.5) and 
disappeared in soils collected from beside old roads, while in soils from beside old roads 
some new bands appeared (B, Figure 7.5). However, many of the bands found in the DGGE 
profiles from the control soil had a close similarity with the bacteria profiled from roadside 
soils suggesting that the predominant bacteria present in the control soil remained dominant 
in soils exposed to roadside emissions. However the samples associated with long and 
medium term metal exposure were clearly separated from the control, suggesting that the 
accumulation of metals over a period of time resulted in some changes in the bacterial 
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community. Molecular fingerprinting of the current roadside soil bacterial communities 
provided clear evidence that metals along with the age of contamination were the main 
factors influencing bacterial diversity and its occurrence by promoting changes in species 
composition (Figure 7.5). However, cluster analysis of fungi (Figure 7.6) showed that the 
changes in the fungal community were less than those seen for bacteria in soil contaminated 
with metals. 
 
The fungal community in each soil analysed shared many common bands throughout the sites 
(Figure 7.6) and interestingly, little differences were observed and no distinct clusters were 
visible.  Fungi in general showed sensitivity to the metal contaminants. Many other authors 
have reported fungi to be more sensitive than bacteria to metal pollution (Bååth, 1989). 
However, opposite effect has also being reported (Oliveira and Pampulha, 2006; Rajapaksha 
et al., 2004). 
7.4.4 Microbial survival and functionality 
Microbial communities play an important role in soil because of the functions they perform in 
nutrient cycling, plant symbioses, decomposition and other ecosystem processes (Nannipieri 
et al. 2003). In the presence of metals and hydrocarbons, tolerant microbes will gradually 
develop due to natural selection and the community diversity will vary with respect to the 
types and degree of the contaminants (Joynt et al., 2006; Kelly et al., 2003). The change in 
functional diversity in the microbial community may lead to the loss of specific functions.  
for example changes in microbial diversity may impact on soil nutrient cycling (Kandeler et 
al., 1996; Kelly et al., 2003). As reported by (Giller et al., 1989), some strains of bacteria 
(e.g. Rhizobium trifoli) were able to survive in metal polluted environments, but were found 
to be unable to fix nitrogen effectively. However, the current study (chapter 7.0 of this thesis) 
demonstrated the importance of soil fungi in maintaining soil nitrogen concentrations.  The 
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results obtained for soil nitrogen indicated that the presence of soil fungi had a significant 
positive effect on nitrogen transforming activity (UR) of soil (r=0.420, P<0.05) (Table 7.3).  
This may be due to the contribution of microbes such as arbuscular mycorrhizal fungi (AMF) 
and of associative or obligate nitrogen-fixing icrosymbionts (e.g. Azospirillum and 
Rhizobium bacteria) to soil fertility (Jeffries and Barea, 2001). The prevention of binding of 
the metals to the extrametrical mycelium of the fungus may prevent the hindering effects on 
the exchange of beneficial functioning activity of rhizobium, thus enhancing nitrogen 
productivity (Requena et al., 2001). 
However, the decline in the fungal community in roadside soil (Figure 7.2) would likely 
result in a significant impact in terms of soil quality. The activity and community 
composition of soil microorganisms’ are closely related to soil fertility and environmental 
quality. The estimated affected land area for roadside soil in Australia itself is large, 80 
million km
2
,
 
and in the world far more. These soils are likely to be disturbed in terms of 
biogeochemical processes and may affect the normal functionality of soil ecosystem services.  
7.5 Conclusions 
The accumulations of vehicular emissions in roadside soils have been shown to cause adverse 
effects on microbial function and fertility of the soil. The current study provided little 
evidence to indicate that elevated metal concentrations were responsible for the decrease in 
soil enzyme activity in roadside soils. Rather, the data suggested that soil enzyme activity 
was largely driven by physical–chemical soil properties, principally clay, TOC, pH, CEC. 
This may be due to the total metal concentration in the roadside soil studied being generally 
below concentrations reported to have drastic effects on soil microbial function. A negative 
relationship between metals (Pb and Zn) and enzyme activity could only be found for UR and 
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PHMO. Effects on PHMO activity should be taken into consideration as it could have a long-
time effect on soil P cycling. 
The age of roadside soil was found to affect the levels of nutrients present in the soil and/or 
fungal and bacterial species diversity. Bacterial diversity differed with the age of the roads 
and three distinct clusters were found.  However, no distinct clusters were visible for fungi. 
Soil fungi were found to be positively associated with soil nitrogen activity.  
This experiment was able to demonstrate the long-term metal accumulation effects of nearly 
2 to 60 year of heavy metal contamination on roadside soil. Subsequently, by combining 
different monitoring approaches from different viewpoints, better insight can be gained into 
the microbial environment. 
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8 SUMMARY, CONCLUSIONS AND RESEARCH 
IMPLICATIONS 
8.1 Back to research aim and objectives 
The research aim of this study was to investigate the effects of vehicular emissions of metals 
on Melbourne roadside soil and biology. The project focussed on three main research 
objectives (Figure 8.1): 
1. Quantify relationships for roadside soils in relation to metal concentrations and road 
characteristics 
2. Determine relationships between roadside soil heavy metals and biological 
responses, 
3. Assessing roadside soil biological responses to metals from vehicles at the molecular 
level. 
Vehicular derived metals represented in roadside soil varied in the degree of accumulation 
and mobility. The effects of these metals on soil ecosystem functioning depend on metal 
bioavailability and chemical and biological interactions in soil. This study focussed on 
vehicular emitted metals including Ag, As, Cd, Co, Cr, Ni, Mn, Mo, Pb, Pd, Pt, Rh, Sb, Se, 
Sn, , W and Zn.  
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Figure 8.1 A flow diagram showing the research objectives and the summary of the study  
8.2 Summary of the techniques used 
This study investigated the accumulation of vehicular derived metals in soil adjacent to roads 
with differing characteristics (maximum vehicle speed, age of the road and vehicular 
vollume). The research focussed on metal bioavailability and the accumulation/effects of 
metals in plants, animals and microbes in soil. In order to understand the effect of vehicular 
emissions on roadside soil, a total of 30 soil samples were analysed for metals from Western 
Melbourne, Australia.  The total study is summarised and presented in a flow diagram (Figure 
8.1). The findings and their corresponding conclusions are presented and discussed in 
complementary Chapters (3-7) in detail. 
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Vehicular derived metals, road characteristics and roadside soil were presented and discussed 
in Chapter Four. The major techniques involved in this chapter were soil metal extraction 
using acid digestion together with soil characterisation (soil pH, EC, CEC, texture, moisture). 
Roadside soil bioavailability was summarised in Chapter Five. This was achieved using 
techniques including a wheat assay, pore water metals, total soil metals, CaCl2 extractable 
metals and the DGT technique. In Chapter Six, field collected grass (S. secundatum) samples 
and a controlled environment wheat (T. aestivum) assay were used to measure metal 
accumulation in plants.  Chapter Seven presented ecotoxicity testing, using the soil dwelling 
arthropod species F. candida in roadside soil, and in Chapter Eight soil microbial responses 
were studied, using soil enzyme assays and microbial fingerprinting of soil bacteria and 
fungi. The soil enzymes studied included those involved in soil nutrient cycling of S, P, C 
and N; i.e. arylsulfatase, phosphomonoesterases, β-glucosidase and urease respectively. 
Bacterial and fungal diversity were studied using PCR-DGGE.  
8.3 Summary of the findings 
Natural or anthropogenic forces potentially affect the soil ecosystem and its functioning. 
Vehicular emission is one such anthropogenic force which has the potential to affect roadside 
soil ecosystem functioning.  
A summary of the findings is shown in Figure 8.2. Out of the metals studied only Cd, Cr, Cu, 
Ni, Mn, Pb and Zn were found to be significantly accumulated in roadside soil. In some 
roadsides soils, the Mn concentration exceeded the Ecological Investigation Level. Metals 
like Mn were detected in soils adjacent to newer roads while Cd, Cu, Pb and Zn were found 
in soil adjacent to older roads. Interestingly, the accumulation of Mn and Pb in soil showed a 
negative relationship with the age of the roads. Metals with potential for emerging risk in 
Melbourne roadside soil were identified as Ag, Co and Sb. Chromium, Cu, Sb and Zn 
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appeared to be derived from a common source, potentially the wear and tear of brake pads. 
Tyre wear and lubricant were also identified as possible major contributors to Cr, Cu, Sb and 
Zn concentrations in roadside soil. Metal accumulation in roadside soils was related to the 
maximum vehicle speed, age of roads and vehicular density. Importantly, maximum 
vehicular speed showed the best correlation to roadside metal concentrations, followed by 
road age and traffic density respectively. 
A decrease in pH with the age of the roads suggested that roadside soil becomes acidic over 
time with potential increases in metal bioavailability and leaching. This indicates a risk of 
metal deposition having been greater than that suggested by the concentrations recorded for 
the studied sites.  
Soil organisms and plants living in roadside soils are able to access metals from the soil 
solution. Soil physical properties affect the bioavailability of these metals in soil. Four 
different techniques, i.e. soil solution, CaCl2 extractable metals, total metals and a wheat 
assay, were used to understand the bioavailability of metals in roadside soil. The outcome of 
these respective metals’ bioavailability testings are discussed in Chapter 4 and 5. By using 
the wheat bioassay as a method of validating how well the soil measurements predicted 
bioavailability, it was found that the best predictor of soil metal bioavailability was the total 
metal concentrations in soil followed by the soil solution/ pore water concentration. The DGT 
technique was not found to be an effective surrogate measure of plant metal uptake from 
roadside soils. 
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Figure 8.2 Summary of the metal transfer in roadside soil. Boxes highlighted in blue were not studied in the study. 
As, Cd, Co, Cr, 
Cu, Mn, Mo, Ni, 
Pt, Pb, Pd, Sb, 
Sn W, Zn 
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The time response (TC) of metal release from the solid phase to the solution phase using DGT 
was found to be a good indicator of the presence of metals in soil, representative of its age of 
contamination and availability in soil (Section 4.3.4). The main factor controlling Tc in 
roadside soil appeared to be pH. A significant correlation of decreasing Tc with the time of 
contamination (road age) was evident for metals including Cd, Cu and Ni. In contrast, the Tc 
of Mn tended to increase with age of contamination.  
There is the potential for metals in roadside soil to be absorbed by soil organisms and plants. 
As a result, metals in roadside soils may affect soil ecosystem functioning. The elevated 
concentrations of some metals found in roadside soil were also represented in roadside grass 
samples. Wheat grown in roadside soil tended to accumulate Cu and Ni at significantly 
higher concentrations compared to the control sites.  
Metals in soil have the potential to directly impact on soil organisms such as earthworms, 
nematodes, protozoa, fungi, bacteria and soil arthropods.  The soil organisms’ responses to 
metals in soil may disrupt soil ecosystem functioning. The ecotoxicicty study confirmed that 
F. candida (an example of a soil arthropod) has the ability to accumulate heavy metals in its 
tissues. Metal concentrations in F. candida tissues did not affect the organisms’ survival; 
however their growth was affected (Figure 6.3). Manganese concentrations recorded from the 
roadside soil were not found to be toxic to F. candida; however Cu was found to be 
potentially toxic. Body metals concentrations of Cu, Ni and Pb were correlated to total soil 
metal concentrations in roadside soil. The accumulation of Zn was potentially reduced by the 
presence of Cu and Ni in soil. No significant trend of metal accumulation for F. candida and 
metal aging in soil was found.  
The presence of metals in roadside soil also has the potential to affect soil microbial 
functioning and thus have an effect on the soil ecosystem. Soil respiration is representative of 
  
146 
 
the soil organisms’ activity including those of protozoa, fungi and bacteria. As a measure of 
microbial activity, respiration of roadside soil generally correlated negatively with increasing 
metal contamination (e.g. As). 
Soil biogeochemical cycling gives a good indication of soil health. If the presence of metals 
in soils affect the activity of fungi and bacteria, this is likely to impact on nutrient cycling. In 
order to understand the nutrient cycling occurring in roadside soils, the activity of key 
enzymes involved in the cycling of C, N, S and P in soils was investigated. All four enzymes 
studied, β-GLU, ARYL, PHMO and UR, were present in the soils tested. However, the study 
provided little evidence that the accumulation of metals resulted in decreased activity of soil 
enzymes. Only Pb and Zn were found to cause significant negative effects on UR and PHMO 
activity. Enzyme activity was largely controlled by soil physiochemical properties such as 
clay content, TOC, pH, and CEC.  
Fingerprinting with PCR DGGE demonstrated that soil fungi were more sensitive to 
contaminants in soil than bacteria.  DGGE profiles divided the soil bacterial populations into 
three clusters: recent, moderate and long term exposure, based on vehicular emissions 
exposure. The soil fungal community did not display such patterns or clusters in their DGGE 
profile (Figure 7.5 and 7.6). 
The land area covered by roads is extensive, and together with the number of vehicles on 
roads, the potential effects on the surrounding environment are substantial. Vehicular derived 
metals such as Cd, Cr, Cu, Mn, Ni, Pb and Zn have pathways from roadside soil into the 
associated ecosystems (Chapter 3). Many environmental factors affect the relationship 
between soil organisms and their functioning, including contaminant concentrations, 
temperature, soil physical properties, topography, and weather.  The soil food web in turn is a 
complex functional unit to understand and study. The presence of metals in roadside soil has 
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the potential to bring changes to ecosystem functioning as discussed in detail in this thesis. 
However one factor doesn’t always affect all organisms in the same way, and as a result it is 
hard to tease apart individual factors affecting soil ecosystem functioning. This study 
provides important information in an ecological context to use in determining where 
resources may be required to mitigate future risks of increased vehicular derived soil 
pollution.   
8.4 Answering the research objectives 
There are over 700 million vehicles on roads today (Iaych et al., 2009) and the land area 
covered by the road network is immense. The rapid growth in motor transport and its 
associated exhaust emissions has the potential to cause substantial environmental effects. 
Vehicular emissions result in the release of potentially toxic metals to the surrounding 
environment. The contamination of topsoil with metals is not always representative of the 
level of risk associated with the metal contamination. This study investigated total soil 
metals, available soil metals and their ability to cause significant effects on plants, soil 
arthropods and soil microbial functioning.  
The findings confirmed that Melbourne roadside top soil contains significantly elevated 
concentrations of metals. These metal concentrations were significantly affected by vehicular 
speed, age of the roads and road traffic density. However, some metals were not found to 
cause toxicity while other metals did. As discussed and presented in this thesis, grass, wheat 
and soil arthropods were able to accumulate roadside metals. Soil microbes and soil nutrient 
cycling (particularly P) were found to be affected by the presence of metals in roadside soil. 
Some of the changes caused by metals in roadside soil related to the metal aging effect in 
soil. The microbial responses to metals in soil were represented at the community level.  
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8.5 Future research focus 
The findings of the research presented in this thesis suggests further studies in the following 
areas 
 To categorise the emission from vehicular types (cars, trucks, busses, 4WD) and fuel 
(diesel and petrol) types with the combination of road characteristics studied in this 
study. 
 To study the air quality and correlate with top soil metal concentrations to derive 
relationships with air pocket modelling effects and the contribution of wind to the 
deposition of metals on soils from vehicle emissions. 
 The concentrations of metal accumulation reported in roadside soil would be a 
conservative approach in this study. Surface runoff and leaching of metals in soil may 
reduce concentrations in topsoil. Understanding these possible effects will help to 
understand total metal accumulation and behaviour in roadside soils. 
 How best to measure bioavailability in general and particularly in roadside soils is not 
clear. This topic could be further investigated using different extraction techniques 
used for bioavailability. 
 Metal aging effects in roadside soil metals is not well defined or investigated. This 
study showed that the metal dissociation time in field collected soil (Tc) looks 
promising as a technique to study metal aging in soils. Further investigation with Tc 
may help understand the risk of metal accumulation and bioavailability in roadside 
soil.  
 This study reported the ability of plants to accumulate metals in their shoots. It will be 
interesting to understand the potential for metals to move beyond the first step of the 
food chain in roadside ecosystems.  
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9 APPENDIX 
Table 9.1 Register of roadside soil studies retrieved from peer-reviewed literature reported 
worldwide. Search engines used were Scopus, SpringerLink, Web of Science and Google 
Scholar. 
Country Study area Metals studied Reference   
Australia Perth Pt, Pd, Rh (Whiteley and Murray, 2005) 
 Brisbane Pb (Al-Chalabi and Hawker, 2000) 
 Brisbane   Cu, Pb, Zn (Toomey et al., 2003)  
 Marulan Cd, Cu, Pb, Zn (David and Williams, 1975)  
 Perth  Pd, Pt (Whiteley and Murray, 2003)  
 Cairns Cd, Cu, Pb, Zn, Pd, Pt (Pratt and Lottermoser, 2007)  
 Sydney  Cu, Ni, Pb, Zn (Birch and Scollen, 2003)  
 Victoria  Pb (Clift et al., 1983)  
Bahrain Bahrain Cd, Ni, Pb, Zn (Akhter and Madany, 1993) 
Canada Hamilton Cd, Cu, Ni, Pb, Zn (Droppo et al., 1998) 
 Ottawa Cd, Cr, Cu, Ni, Pb, Zn (Rasmussen et al., 2001) 
 Various Cd, Ce, Co, Cr, Cu, Ni, Mn, Pb, Sb,  (Wiseman et al., 2013) 
Chile Talcahuano Cr, Ni, Pb, Zn (Tume et al., 2008) 
China Beijing As, Cd, Cr, Cu, Ni, Pb, Zn  (Chen et al., 2010)  
 Hong Kong Cd, Cr, Cu, Ni, Pb, Zn (Li et al., 2004) 
 Hong Kong  Cd, Cu, Pb, Zn (Li et al., 2001)  
 Hong Kong  Cd, Cu, Pb, Zn (Wong et al., 1996) 
 Shanghai Cd, Cr, Cu, Ni, Pb, Zn (Shi et al., 2008) 
 Nanjing Cr, Cu, Zn  (Lu et al., 2003) 
Finland Turku Cd, Cu, Pb, Zn (Salonen and Korkka-Niemi, 
2007) 
France Various Pb, Zn Cd (Viard et al., 2004) 
Germany Hessen Pt, Pd, Rh (Zereini et al., 1998) 
 Germany Pd, Pt, Rh (Wichmann et al., 2007) 
 Rostock Cr, Cu, Ni, Pb, Zn (Kahle, 2000) 
 Hamburg Cd, Cu, Pb, Zn (Lux, 1993)  
 Warsaw Cr, Cu, Zn  (Pichtel et al., 1997) 
 Various Pd, Pt,  (Müller and Heumann, 2000) 
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 Heidelberg Pt, Pd, Rh (Schäfer and Puchelt, 1998b) 
 Various Cd, Cu, Pb, Pd, Pt, Rh,  Zn  (Schäfer et al., 1998a) 
 Various Pt, Rh  (Helmers and Mergel, 1998) 
Iran Various Cd, Co, Cr, Ni, Mn, Pb, V, Zn  (Saeedi et al., 2009) 
Ireland Galway Cu, Ni, Pb, Zn (Dao et al., 2010) 
Italy Naples Pt, Pd, Rh (Cicchella et al., 2003) 
 Torino Cr, Cu, Ni, Pb, Zn (Biasioli et al., 2006) 
 Napoli Cr, Cu, Zn  (Imperato et al., 2003) 
 Palermo Cr, Cu, Ni, Zn  (Manta et al., 2002) 
Jordan Jordan Cd, Cr, Cu, Ni, Mn, Pb, Zn  (Ghrefat et al., 2012) 
Korea Ulsan Cd, Cu, Ni, Pb, Zn (Duong and Lee, 2011) 
Mexico Mexico city,  Pt, Pd, Rh (Morton et al., 2001) 
New Zealand Christchurch Cd, Cu, Ni, Pb, Zn (Fergusson and Ryan, 1984) 
Nigeria Ibadan Cd, Cr, Cu, Hg, Ni, Mn, Pb, Zn  (Olajire and Ayodele, 1997) 
Norway Oslo Cd, Cu, Ni, Pb, Zn (de Miguel et al., 1997) 
Pakistan Pakistan Cd, Pb,  (Khan et al., 2011) 
South  Africa South Africa Cu, Man, Pb, Sb, Zn (Olowoyo et al., 2010) 
South Korea Seoul Cd, Cu, Pb, Zn (Chon et al., 1995) 
Saudi Arabia Jeddah  As, Cr, Ni, Pb, Sb, Zn (Kadi, 2009)  
Spain Gipuzkoa Cd, Cu, Mn, Pb, Zn (Garcia and Millán, 1998) 
 Osebe Cd, Pb, Zn (Mariño et al., 1992) 
 Madrid Cu, Pb, Rb, Sr  (Gomez et al., 2001) 
 Various Cd, Cu, Mo, Ni, Sb, Sn, Pb, Zn (Carrero et al., 2013) 
 Seville Cr, Cu, Ni, Zn  (Madrid et al., 2002) 
Sweden Stockholm As, Cd, Co, Cr, Cu, Hg, Ni, Mn, Mo, Pb, 
Sb, V, Zn 
(Johansson et al., 2009) 
Syria Damascus Cr, Cu, Ni, Pb, Zn (Moller et al., 2005) 
Thailand Bangkok Cd, Cu, Pb, Zn (Wilcke et al., 1998) 
UAE Dubai Cd, Cu, Ni, Mn, Pb, Zn (Aslam et al., 2013) 
Uganda Kampala Cd, Pb, Zn  (Nabulo et al., 2006) 
Venezuela Caracas Pb, Zn  (Garcia-Miragaya et al., 1981) 
UK England-S .E Pt, Pd, Rh (Farago et al., 1998) 
 England -London Cd, Cu, Pb, Zn (Thornton, 1991) 
 Aberdeen Cd, Cu, Pb, Zn (Paterson et al., 1996) 
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 Birmingham Cd, Cu, Ni, Pb, Zn (Charlesworth et al., 2003) 
 London Cd, Cu, Pb, Zn (Harrison et al., 1981) 
 London Cu, Pb, Zn (Wang et al., 1998) 
 Greater Machester Pb,  (Day et al., 1975) 
 Lanchester Cd, Pb, Zn (Hopke et al., 1980) 
 Various Sb, Ti, V, Zn (Gietl et al., 2010) 
 Various Pd, Pd (Hutchinson et al., 2000) 
 London Cd, Ni, Pb, Zn (Muskett, 1981) 
 Great Britain Pb, Zn (Wade, 1980) 
 England Pb (Williamson and Evans, 1972) 
USA Honolulu Cr, Cu, Ni, Pb, Zn (Sutherland, 2000) 
 Various Pb (Hafen and Brinkmann, 1996) 
 New York Cd, Cu, Pb, Zn (Leharne et al., 1992) 
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